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Abstract 
 
Parastagonospora nodorum is a fungal pathogen and the causal agent of Septoria 
nodorum blotch (SNB), a disease of wheat responsible for significant yield losses around 
the globe. This pathogen can be easily cultured under laboratory conditions and 
genetically manipulated following standard procedures.  Furthermore, its genome has 
been sequenced and several “omics” resources are available making P. nodorum a model 
organism to study necrotrophic fungal pathogens. 
It is now well recognised that this pathogen relies on the production of proteinaceous 
toxins (effectors) to drive the infection process. There are though many other facets of 
the SNB disease that are poorly understood compared to the effectors. Such is the case 
for the P. nodorum secondary metabolites (SMs). Bioinformatic analysis of the P. 
nodorum genome has revealed that it contains around 40 genes responsible for 
biosynthesising the core structure of different SMs which provides this fungus the 
capacity to produce a vast array of small molecule diversity. However, the potential of P. 
nodorum to produce SMs contrast with the relatively low number of identified 
compounds.  
In this thesis, I embarked upon the task of looking for P. nodorum SMs involved in the 
interactions occurring within the plant-pathogen system. The first experimental chapter 
presents an assessment of the in vitro capacity of P. nodorum to produce SMs utilising 
liquid chromatography-mass spectrometry (LC-MS). The data obtained from these 
analyses demonstrated the high capacity of P. nodorum to produce an array of 
metabolites. The spectrometric data was compiled in a spectral library of unknown SMs 
which was used in the second chapter to hunt for ecologically relevant SMs. The 
production of these substances was studied in vitro, during the interaction of P. nodorum 
and a possible antagonist, the wheat pathogen Zymoseptoria tritici; and in planta, during 
the infection of wheat by P. nodorum and during the co-infection of P. nodorum and Z. 
tritici. The results confirmed the presence of P. nodorum SMs and their possible 
involvement in the P. nodorum-wheat interaction and fungal antagonism. 
The third experimental chapter continues the assessment of SMs in P. nodorum biotic 
interactions by focusing on the volatile organic compounds (VOCs) using solid phase 
micro-extractions coupled to gas chromatography-mass spectrometry (SPME-GC-MS). 
It was found that P. nodorum produces phytotoxic and self-inhibitory VOCs that also 
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exhibited mild antibacterial activities. Furthermore, several sesquiterpenes were detected 
within the VOCs mixture. Since previous bioinformatics survey on P. nodorum revealed 
the presence of three sesquiterpene synthases genes, Sts01, Sts02 and Sts03, a reverse 
genetics approach was then exploited to link these genes to their metabolic products. 
Sts01 and Sts02 were found to be the biosynthetic genes of the detected sesquiterpenes. 
The isolation of the metabolic products of Sts01 and Sts02 was achieved by expresion in 
a heterologous host. Finally, using spectrometric and spectroscopic techniques the 
eudesma-4,11-diene and β-elemene were identified as the main products of Sts02, α-
cyperone as a downstream transformation of the eudesmadiene, and the acora-4,9-diene 
as the major product of Sts01. This constitutes the first report of terpenes isolated from P. 
nodorum. 
 1 
 
I. Table of contents 
 
Acknowledgments ............................................................................................................ i 
Abstract ........................................................................................................................... iii 
I. Table of contents ...................................................................................................... 1 
II. List of figures and equations ................................................................................... 5 
III. List of tables .......................................................................................................... 9 
IV. Abbreviations ..................................................................................................... 11 
1. Introduction ............................................................................................................ 15 
1.1. Parastagonospora nodorum ............................................................................. 15 
1.1.1. P. nodorum as a pathogen ......................................................................... 15 
1.1.2. P. nodorum as an endophyte ..................................................................... 17 
1.2. The past, present and future of secondary metabolite research in the 
Dothidiomycetes (review) ........................................................................................... 18 
1.3. Summary of the thesis ...................................................................................... 35 
2. General material and methods ............................................................................. 37 
2.1. The microorganisms ......................................................................................... 37 
2.1.1. Parastagonospora nodorum ..................................................................... 37 
2.1.2. Zymoseptoria tritici ................................................................................... 37 
2.1.3. Test microorganisms for antagonism assays ............................................. 37 
2.1.4. Handling and maintenance of microorganisms ......................................... 38 
2.2. Culturing ........................................................................................................... 38 
2.2.1. The culture media ...................................................................................... 38 
2.2.2. Plate cultures ............................................................................................. 40 
2.2.3. Liquid cultures .......................................................................................... 40 
2.2.4. Detached leaf pathogenicity assays ........................................................... 40 
2.3. The extractions ................................................................................................. 41 
2.3.1. Solid Phase Extraction (SPE) from the media .......................................... 41 
2.3.2. Lyophilisation ........................................................................................... 41 
2.3.3. Organic macerations from mycelia ........................................................... 42 
2.4. The chromatography ......................................................................................... 42 
2.4.1. Flash chromatography ............................................................................... 42 
2.4.2. Liquid chromatography-mass spectrometry (LC-MS) .............................. 42 
2.4.3. Gas chromatography-mass spectrometry (GC-MS) .................................. 43 
 2 
 
2.5. Molecular biology tools.................................................................................... 43 
2.5.1. DNA extraction ......................................................................................... 43 
2.5.2. Quantification of DNA.............................................................................. 44 
2.5.3. Polymerase Chain Reaction (PCR) ........................................................... 44 
2.5.4. DNA gel electrophoresis ........................................................................... 45 
2.5.5. DNA recovery from gel ............................................................................ 46 
3. Assessing the in vitro capacity of P. nodorum to produce secondary 
metabolites. .................................................................................................................... 47 
3.1. Background ...................................................................................................... 47 
3.1.1. P. nodorum SMs ....................................................................................... 47 
3.1.2. SM from Phaeosphaeria/Stagonospora species ....................................... 49 
3.1.3. Elusive SMs and possible expression changing culturing conditions ...... 55 
3.1.4. Secondary metabolite extraction ............................................................... 56 
3.1.5. LC-MS analysis......................................................................................... 58 
3.2. Methods ............................................................................................................ 60 
3.2.1. SN15 culturing conditions ........................................................................ 60 
3.2.2. Extraction procedures ............................................................................... 60 
3.2.3. LC/MS ....................................................................................................... 61 
3.2.4. Chromatogram processing and database building .................................... 61 
3.3. Results .............................................................................................................. 63 
3.3.1. The profiling of P. nodorum in vitro SMs ................................................ 63 
3.3.2. Detection of known P. nodorum SMs ....................................................... 70 
3.4. Discussion ........................................................................................................ 72 
3.4.1. Main characteristics of P. nodorum in vitro chromatographic landscape . 72 
3.4.2. Possible factors leading to an “oversized” spectral library ....................... 75 
3.4.3. P. nodorum SM profiling compared to other studies in fungi .................. 77 
3.5. Conclusions ...................................................................................................... 79 
4. Hunting for ecologically relevant secondary metabolites .................................. 81 
4.1. Background ...................................................................................................... 81 
4.1.1. The natural roles of secondary metabolites. .............................................. 81 
4.1.2. Cryptic fungal SMs ................................................................................... 82 
4.1.3. Fungal interactions in planta .................................................................... 83 
4.1.4. In planta P. nodorum interactions............................................................. 84 
4.2. Methods ............................................................................................................ 87 
4.2.1. In vitro Direct antagonism ........................................................................ 87 
 3 
 
4.2.2. Primer design ............................................................................................ 87 
4.2.3. qRT-PCR optimization ............................................................................. 87 
4.2.4. In vitro indirect antagonism ...................................................................... 89 
4.2.5. Semi-in planta interactions ....................................................................... 90 
4.2.6. LC-MS2 analyses ....................................................................................... 90 
4.3. Results .............................................................................................................. 91 
4.3.1. In vitro P. nodorum-Z. tritici interaction .................................................. 91 
4.3.2. SM profiling during in vitro and “semi” in planta interactions ................ 96 
4.4. Discussion ...................................................................................................... 102 
4.5. Conclusions .................................................................................................... 105 
5. P. nodorum volatile SMs: from molecules to genes ........................................... 107 
5.1. Introduction .................................................................................................... 107 
5.1.1. Volatile organic compounds ................................................................... 107 
5.1.2. Sesquiterpenes ......................................................................................... 107 
5.1.3. Analytical techniques for the identification of VOCs ............................. 108 
5.1.4. Molecular biology tools to identify SM biosynthetic genes ................... 112 
5.1.5. VOCs from P. nodorum .......................................................................... 113 
5.2. Methods .......................................................................................................... 115 
5.2.1. Fungal material and test organisms ......................................................... 115 
5.2.2. VOCs phytotoxic, antibacterial and antifungal activity assay ................ 115 
5.2.3. Pathogenicity assay ................................................................................. 116 
5.2.4. Medium scale cultures............................................................................. 116 
5.2.5. Terpene isolation ..................................................................................... 117 
5.2.6. Molecular biology methods .................................................................... 117 
5.2.7. Analytical methods ................................................................................. 122 
5.3. Results ............................................................................................................ 124 
5.3.1. Phytotoxic, antibiotic and self-inhibitory properties of P. nodorum VOCs
 124 
5.3.2. In planta production of sesquiterpenes ................................................... 126 
5.3.3. The biosynthetic genes of P. nodorum sesquiterpenes ........................... 129 
5.3.4. The heterologous expression of Sts01 and Sts02 in yeast ....................... 137 
5.3.5. NMR and MS2 identification of eudesma-4,1-diene (1), β-elemene (2), α-
cyperone (3) and acora-4,9-diene (4) ..................................................................... 141 
5.3.6. Attributing the observed bioactivity........................................................ 149 
5.4. Discussion ...................................................................................................... 154 
 4 
 
5.4.1. P. nodorum sesquiterpenes, rare in fungi but common plant molecules. 154 
5.4.2. Short chain alcohols are responsible for the phytotoxicity of P. nodorum 
VOCs 156 
5.4.3. The characterization of P. nodorum Sts will contribute to future SM 
genome mining studies .......................................................................................... 157 
5.5. Conclusions .................................................................................................... 161 
6. General discussion ............................................................................................... 163 
6.1. The mellein derivatives, constitutively expressed metabolites ...................... 163 
6.2. Bottlenecks when proposing ecological roles for SMs. ................................. 164 
6.3. Possible chemo-ecological niche of P. nodorum sesquiterpenes ................... 167 
6.4. A change in perspective is required to find and understand non determining 
pathogenicity elements .............................................................................................. 167 
6.5. Limits and significance of the project ............................................................ 169 
6.6. Future perspectives in P. nodorum secondary metabolism research .............. 170 
6.7. Concluding remarks ....................................................................................... 171 
7. References ............................................................................................................. 173 
Appendix  I: Selected compounds from the spectral library of P. nodorum associated 
features .......................................................................................................................... 193 
Appendix  II: qPCR analysis of the in vitro interaction  between P. nodorum – Z. tritici
 ....................................................................................................................................... 205 
Appendix III: Isolation of wheat-associated and other cereal-associated 
microorganisms ............................................................................................................. 209 
AIII.1 Isolation of microorganisms from wheat grain .............................................. 209 
AIII.2 Isolation of plant associated microorganisms from field samples .................. 211 
Appendix IV: Spectrometric and spectroscopic data for the identification of P. 
nodorum sesquiterpenes ................................................................................................ 215 
 
 
 
 5 
 
II. List of figures and equations 
 Page 
Figure. 1.1. P. nodorum life cycle.  16 
Figure 1.2. The balanced antagonism theory  18 
Figure. 2.1. Detached leaf assay 41 
Figure 3.1. LC-MS chromatograms from media extracts of 
P. nodorum cultures  
63 
Figure 3.2. LC-MS chromatograms from mycelia extracts 
of P. nodorum cultures  
64 
Figure 3.3. Three stages of analysis of the LC-MS 
chromatograms from P. nodorum V8-PDA 
cultures under dark conditions 
65 
Figure 3.4. Distribution of unique SN15 associated 
features by their retention time 
67 
Figure 3.5. Frequency of SN15 associated features among 
the 25 different extracts.  
68 
Figure 3.6. Frequency distribution of SN15 associated 
features by retention time and by feature mass.  
69 
Figure 3.7. N-methoxyseptorinol spectrum before and 
after noise filtering 
70 
Figure 3.8. Distribution of unique SN15 associated 
features among cultures from all five liquid 
media used in this work.  
73 
Figure 3.9. Distribution of unique SN15 associated 
features among light and dark conditions and 
media and mycelia extractions.  
74 
Figure 4.1. Time course of the antagonism between         
P. nodorum and Z. tritici 
91 
Figure 4.2. Appearance of P. nodorum, Z. tritici and 
mixed cultures  
92 
Figure 4.3 Effect of the difference on inoculation time on 
the P. nodorum-Z. tritici antagonism 
93 
Figure 4.4.  Effect of mellein derivatives on the 
antagonism between P. nodorum and Z. tritici.  
94 
Figure 4.5. Effect of the antagonist extracts over the 
growth of P. nodorum and Z. tritici.  
95 
 
 6 
 
 Page 
Figure 4.6. Evaluation of the effect over the P. nodorum 
germination of possible pH changes and diffusible 
substances in Z. tritici culture filtrates.  
96 
Figure 4.7. Distribution of features among the evaluated 
P. nodorum interactions. 
100 
Figure 4.8. Graphical representation of sets defined in 
footnotes 4-23.  
101 
Figure 5.1. Multiplicity in the H NMR of methanol 111 
Figure 5.2. Representation of a gene knockout by 
homologous recombination 
114 
Figure 5.3. Schematic representation of the 
complementation of Sts02 
119 
Figure 5.4. HS vial setup for in vitro (A) and in planta (B) 
SPME-GC-MS VOCs analysis 
122 
Figure 5.5. Effect of VOCs produced by SN15 125 
Figure 5.6. HS-SPME-GC-MS chromatograms showing 
the sesquiterpene profile of P. nodorum wild 
type in a RT window from 25-39 min 
129 
Figure 5.6. Fragments used to disrupt P. nodorum Sts 
genes.  
132 
Figure 5.8. Screening of transformed P. nodorum 
colonies.  
133 
Figure 5.9. HS-SPME-GC-MS chromatograms comparing 
the sesquiterpene profile of P. nodorum wild 
type against the Sts Kos.  
134 
Figure 5.10. Restoration of the expression of 1, 2 and 3 by 
the STS02 complementation strain  
135 
Figure 5.11. Isolation of 3 from P. nodorum extract by 
flash chromatography 
136 
Figure 5.12. GC-MS of the products from Sts01 and 
Sts02heterologouly expressed in yeast. 
137 
Figure 5.13. Isolation of 1 and 4 from yeast extracts by 
flash chromatography 
138 
Figure 5.14. GC-MS from the isolated sesquiterpenes 
produced by STS01 expressed in yeast.  
139 
Figure 5.15. GC-MS from the isolated sesquiterpenes 
produced by STS02 expressed in yeast.  
140 
 7 
 
 Page 
Figure 5.16. HMBC correlations for 1 143 
Figure 5.17. HMBC correlations for 3 144 
Figure 5.18. HSQC correlations at high field for 4 146 
Figure 5.19. HMBC correlations for 4 147 
Figure 5.20. MSMS Identification of β-elemene 148 
Figure 5.21. Effect of sesquiterpenes produced by           
P. nodorum Δsts02 over wheat seeds, S. 
multivorum and SN15.  
150 
Figure 5.22. Pathogenicity test of Δsts01, Δsts02 and 
Δsts03 on wheat 
151 
Figure 5.23. Effect of the main VOCs produced by          
P. nodorum on wheat seedling development  
153 
Figure 5.24. Inhibition of wheat seedling development by 
the main VOCs produced by P. nodorum 
153 
Figure 5.25. Identified sesquitepenes present in                
P. nodorum VOCs 
154 
Figure 5.26. Farnesyl pyrophosphate folding pattern of    
P. nodorum Sts01 and Sts02 
158 
Figure 5.27. In planta and in vitro relative expression of 
the P. nodorum Sts’s  
159 
Figure 5.28. Graphical output of the conserved domain 
analysis on SNOG_10024 and SNOG_10025. 
160 
Figure AI.1. Screen capture of the actual P. nodorum SMs 
spectral library  
193 
Figure AII.1. Calibration curve to measure P. nodorum 
DNA 
205 
Figure AII.2. Calibration curve to measure Z. tritici DNA 206 
Figure AIII.1. Some fungal isolates from an experimental 
field at Wagga Wagga, NSW. 
212 
Figure AIV.1. MSMS Identification of α-cyperone 215 
Figure AIV.2. Eudesma-4,11-diene (1) H NMR 216 
Figure AIV.3. Eudesma-4,11-diene (1) C NMR  216 
Figure AIV.4. Eudesma-4,11-diene (1) HSQC  217 
Figure AIV.5. Eudesma-4,11-diene (1) HMBC  217 
 8 
 
 Page 
Figure AIV.6. α-cyperone (3) H NMR 218 
Figure AIV.7. α-cyperone (3) C NMR 218 
Figure AIV.8. α-cyperone (3) HSQC 219 
Figure AIV.9. α-cyperone (3) HMBC 219 
Figure AIV.10. Acora-4,9-diene (4) H NMR 220 
Figure AIV.11. Acora-4,9-diene (4) C NMR 220 
Figure AIV.12. Acora-4,9-diene (4) HSQC 221 
Figure AIV.13. Acora-4,9-diene (4) HMBC 221 
Equation 5.1. Degre of insaturation.  145 
Equation AII.1. Formula for the calculation of P. 
nodorum DNA from Ct obtained from the calibration 
curve 
205 
Equation AII.2. Formula for the calculation of Z. tritici 
DNA from Ct obtained from the calibration curve 
206 
 
 9 
 
III. List of tables 
 Page 
Table 2.1. Media recipes  39 
Table 2.2.  PCR recipes and program. 45 
Table 3.1. Reported secondary metabolites from P. nodorum 48 
Table 3.2. Phaeosphaeria/Stagonospora secondary 
metabolites. 
49-55 
Table 3.3. Number of features detected for each of the different 
extracts. 
66 
Table 3.4.  Previously reported P. nodorum SMs found among 
the detected features. 
71 
Table 4.1. Primers designed to quantify P. nodorum and Z. 
tritici in mixed cultures.  
88 
Table 4.2. Optimised qRT-PCR conditions to quantify P. 
nodorum and Z. tritici in mixed cultures.   
88 
Table 4.3. Number of features detected by LC-MS2 in the in 
vitro cultures and DLAs extracts and number of 
features matching the P. nodorum SM database.   
97 
Table 5.1 Media and solutions used for the transformation of 
P. nodorum 
120 
Table 5.2. Primers used in this chapter 121 
Table 5.3. P. nodorum identified VOCs from HS-SPME-GC-
MS of Fries media cultures.  
127-128 
Table 5.4. P. nodorum Sts homologous proteins find using the 
BLASTp on NCBI portal 
130 
Table 5.5. Expected size for the DNA fragments used for the 
Sts’s disruption 
131 
Table 5.6. NMR data for 1 (300MHz, CDCl3) 142 
Table 5.7. NMR data for 3 (300MHz, CDCl3) 144 
Table 5.8. NMR data for 4 (300MHz, CDCl3) 145 
Table AII.1. Data to build the calibration curve to measure    
P. nodorum DNA 
205 
Table AII.2. Data to build the calibration curve to measure    
Z. tritici DNA 
206 
 
 10 
 
 Page 
Table AII.3. Determination of fungal biomass proportion of 
known mixtures of dried mycelia from P. 
nodorum and Z. tritici to evaluate the 
methodology. 
207 
Table AII.4. Determination of fungal biomass proportion of 
P. nodorum and Z. tritici cultures to evaluate 
the in vitro antagonism. 
208 
Table AIII.1 Microorganisms isolated from surface sterilised 
wheat seeds. 
210 
Table AIII.2 Identity of isolated bacteria. 210 
Table AIII.3. List of fungal isolates from an experimental     
field at Wagga Wagga, NSW 
213 
 
 11 
 
IV. Abbreviations 
 
AcOEt Ethyl acetate 
AUD Australian dollar 
BLAST Basic local alignment tool 
˚C Celsius degree 
C18  Octadecyl 
cv. cultivar 
CYB Czapec yeast broth 
CzV8CS Czapek-dox media enriched with v8 juice and complete supplement 
δ  Chemical shift 
DAD Diode array detector 
DAMPS Damage associated molecular pattern 
DLA Detach leaf assay 
DNA Deoxyribonucleic acid 
dpi Days post inoculation 
Dr Doctor 
EDTA  Ethylenediaminetetraacetic acid 
ELSD Evaporative light scattering detector 
ESI Electro spray ionization 
ETI Effector triggered immunity 
ETS Effector triggered susceptibility 
FA Formic acid 
fM Femtomolar  
FPP Farnesol-pyrophosphate 
GC  Gas chromatography 
h Hours 
HMBC Heteronuclear multiple-bond correlation spectroscopy 
HRMS  Hi resolution mass spectrometry 
HS  Head space 
 12 
 
HSQC Heteronuclear single-quantum correlation spectroscopy 
HST Host specific toxins 
Hz Hertz 
IE Electronic ionization 
KO  Knockout 
KPa Kilopascal 
LA Lysogeny agar  
LB Lysogeny broth 
LC  Liquid chromatography 
M Molar 
m/z Mass per charge ratio 
mA  Milliamperes 
MAMP Microbial associated molecular pattern 
MeCN Acetonitrile 
MeOH Methanol 
mg Milligrams 
MHz Megahertz 
min Minutes 
ml Millilitres 
μl Microliter 
mm Millimetres 
MM Minimal media 
mM Millimolar 
MM-AT Minimal media- ammonium tartrate 
MS Mass spectrometry 
ms  Miliseconds 
MSMS Second level tandem mass spectrometry  
MSn N level tandem mass spectrometry 
mTor Millitor 
NCBI National center for biotechnology information (United States) 
 13 
 
ng Nanograms 
NIST National institute of standards and technology (United States) 
nM Nanomolar 
NMR  Nuclear magnetic resonance 
PAMP  Pathogen associated molecular pattern 
PCR Polymerase chain reaction 
PDA Potato dextrose agar 
PDB Potato dextrose broth 
PEG Polyethylene glycol 
ppm  Parts per million 
PTFE Polytetrafluoroethylene 
PTI Pattern triggered immunity 
q Quadrupole  
Q Quadrupole as an analyser 
qPCR Quantitative polymerase chain reaction 
qRT-PCR Quantitative real time polymerase chain reaction 
RI Retention index 
rpm Revolutions per minutes 
RT Retention time 
s Seconds 
SDS Sodium dodecyl sulphate 
SM Secondary metabolite 
SNB Septoria nodorum blotch 
sp. Species (singular) 
spp. Species (plural) 
SPE Solid phase extraction 
SPME Solid phase micro extraction 
STB Septoria tritici blotch 
Sts Sesquiterpene synthases 
TE Tris plus EDTA 
 14 
 
Tm  Melting temperature (primer) 
TOF Time of flight analyser 
Tris  Tris(hydroxymethyl)aminomethane 
UV   Ultraviolet 
UV-Vis Ultraviolet to visible range (~200-900 nm) 
V  Volts 
V8-PDA V8 juice enriched with potato dextrose agar 
V8-PDB V8 juice enriched with potato dextrose broth 
VOCs Organic volatile compounds 
YMG Yeast malt glucose media 
YPD  Yeast peptone dextrose media (include in table) 
 15 
 
1. Introduction 
 
1.1. Parastagonospora nodorum 
The fungus Parastagonospora nodorum (Berkeley) Quaedvlieg, Verkley & Crou 
(holomorph) is an Ascomycete classified within the Dothideomycetes, in the order of the 
Pleosporales and family of the Phaeosphaeriaceae (Quaedvlieg et al., 2013). It has many 
synonyms: Stagonospora nodorum, Septoria nodorum, Depazea nodorum, Hendersonia 
nodorum, and Leptosphaeria nodorum as anamorphs, and Phaeosphaeria nodorum as 
telemorph. This fungus is easily maintained in laboratory conditions, it is relatively easy 
to genetically transform, and its genome is publically available (Hane et al., 2007). 
1.1.1. P. nodorum as a pathogen 
In 1845 P. nodorum (described as Depazea nodorum) was first described as a parasite of 
wheat and it was believed to have detrimental effect on the grain (M.J.B., 1845). Today 
P. nodorum is now recognised as a major pathogen of wheat. It results in Septoria 
nodorum blotch (SNB) which, just in Australia, has been calculated to cause loses over 
100 million dollars (AUD) every year to the wheat industry (Solomon et al., 2006b, 
Murray & Brennan, 2009).  
SNB is spread over long distances by P. nodorum ascospores (sexual spores) or by the 
use of infected seeds (Bathgate & Loughman, 2001). The ascospores are wind dispersed 
and start a new life cycle when reaching a suitable wheat field.  Spores typically germinate 
after 3 h of landing on the leaf surface in the presence of moisture and penetrate the plant 
through stomata or in-between the epidermal cells 8-12 h post germination (Solomon et 
al., 2006a). As a necrotroph, P. nodorum causes cell death of leaf tissue which is observed 
as brown lesions on the leaf surface. Pycnidia are formed 7-14 days after penetration 
under field conditions (Solomon et al., 2006a). Within the pycnidia the pycnidiospores 
(asexual spores) develop and ooze out as pink liquid called cirrus. The pycnidiospores 
within the cirrus are then splash dispersed one or two meters by the rain, which is 
sufficient to reach the upper leaf or the neighbouring plant (Shah et al., 2001). New cycles 
of growth and sporulation then continue until the pathogen reaches the flag leaves, the 
glumes and/or the grain itself. When the crop is harvested, wheat stubble remains on the 
field and serves as inoculum for next seasons infection cycle or to disperse new 
ascospores (Bhathal & Loughman, 2001)(Figure 2.1). 
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Fig. 2.1. P. nodorum life cycle. Fungal spores (A) infect wheat seedlings (B). P. nodorum 
sporulate on the seedlings and produces asexual spores (C) that infect the upper leaves 
and neighbouring plants. Successive rounds of infection sporulation bring P. nodorum to 
the flag leaf and wheat heads (D). Infected seeds (E) or the remaining stubble (F) may 
serve as source of inoculum for the infection cycle to start again. Satellite endophytic 
cycles on other grasses (G) are also shown (see below). 
 
The close association between P. nodorum and wheat comes with an interchange of 
substances and it should be a highly metabolo-dynamic interaction. Early studies found 
that P. nodorum produces phytotoxic substances in vitro which had no clear role during 
the infection (Bousquet & Skajennikoff, 1974, Devys et al., 1978).  Thirty years later the 
major drivers of this disease were found to be proteinaceous effectors that act as host 
specific toxins (HST). To date, the activities of eight of these small secreted proteins have 
been identified: SnToxA and SnTox1-7 (Liu et al., 2004, Friesen et al., 2006, Friesen et 
al., 2007, Friesen et al., 2008, Abeysekara et al., 2009, Friesen et al., 2012, Gao et al., 
2015, Shi et al., 2015) but only three have been cloned: SnToxA, SnTox1 and SnTox3 
(Liu et al., 2006, Liu et al., 2009, Liu et al., 2012). Each of these proteinaceous effectors 
induces disease in the presence of a susceptibility gene is found within the host plant. 
However, only the susceptibility gene for SnToxA, Tsn1 has been cloned (Faris et al., 
2010). P. nodorum HSTs behave in an anticanonical gene for gene interaction: only when 
both the gene coding for the effectors and the gene coding for the susceptibility gene are 
present and expressed can the disease progress. Nevertheless, no complete resistance to 
P. nodorum infection has been found, suggesting that there are other factors involved in 
C 
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this interaction. Further information on P. nodorum as a pathogen can be found in the 
review from Oliver et al., 2011. 
1.1.2. P. nodorum as an endophyte 
In addition to wheat, P. nodorum can also infect barley, triticale, other monocots and it 
even has been isolated from plum trees (Cunfer, 2000, McDonald et al., 2012, Baldwin, 
2010). In some cases P. nodorum produces disease on the alternative host, which in 
triticale it has been proposed to be due to the possible presence of the proteinaceous 
effectors susceptibility genes since both, wheat and triticale share chromosomes 
(Walczewski & Arseniuk, 2014). However, in other cases the infection seems to occur 
asymptomatically. Grasses that have been inoculated with P. nodorum only start to show 
pycnidia when the leaves start to senesce (Williams & Jones, 1973). This may indicate 
that the pathogen harbours two sets of metabolic machinery, one allowing penetration of 
the plant, and live within the host without causing disease symptoms; the other 
mechanism responsible for the pathogenesis, this is for the development of the 
necrotrophic infection. The fact that P. nodorum is able to colonise plant tissue and spend 
part of its life without causing disease symptoms on the host fits with the definition of an 
endophyte (Petrini, 1991, Schulz & Boyle, 2005, Rodriguez et al., 2009, Hardoim et al., 
2015) (Figure 2.1). Furthermore, an endophytic stage of P. nodorum, in addition to its 
capacity to grow saprophytically, may confer this fungus a higher parasitic fitness (Morris 
et al., 2009) 
There is nothing surprising about a fungus that shows both life styles since the line 
between endophytes and pathogens is not always clear (Saikkonen et al., 1998, Arnold, 
2007). Sometimes defining an organism as an endophyte or as a pathogen may be difficult 
since the same organism can behave both ways depending on many factors (Kogel et al., 
2006). Schulz and co-workers (1999) explain this with the theory of the balanced 
antagonism (Figure 2.2) which states that a plant-fungi relationship independent of the 
observable outcome is far from neutral. Endophytic interactions are the product of the 
plant defences and the fungal virulence being in “balance”. However, endogenous or 
exogenous factors may influence this equilibrium to shift. Pathogenic interactions will 
result when the fungal virulence overcomes the plant defence  (Schulz et al., 1999).  
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Figure 2.2. The balanced antagonism theory. (Schulz et al., 1999) 
 
1.2. The past, present and future of secondary metabolite research in the 
Dothidiomycetes (review) 
As P. nodorum, many fungi can display each multiple life strategies. In order to do so, 
these organisms have a phenotypic plasticity that allows them to adapt to the different 
conditions of each lifestyle. The metabolic machinery involved in the adaptation of the 
organisms to their ecological niches is known as special metabolism or secondary 
metabolism although secondary metabolism is commonly associated to the production of 
small bioactive molecules (Schimek, 2011). Secondary metabolites (SMs), the products 
of secondary metabolism, may provide information in the ecological adaptation of the 
producer organism to its life style. Additionally, many bioactive SMs have an impact, 
either positive or negative, in human activities. For this reason, SMs have been the focus 
a highly active research area. Nonetheless, for most of the known compounds, their 
ecological roles remain unknown. Furthermore, the advent of the genomic era has 
revealed that fungi have a higher SM biosynthetic potential that we thought, enhancing 
the already vast horizon of secondary metabolite research. The following is a review 
published in Molecular Plant Pathology which presents the actual knowledge on 
Dothideomycete SMs focusing mainly in those pytopatogenic fungi. It also presents some 
of the technical advances and the perspective in this research area. Consequently, the 
following review sets the context in which the present thesis is inserted.  
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1.3. Summary of the thesis 
The fact that in 30 years of research on P. nodorum secondary metabolism only a dozen 
SMs from P. nodorum have been discovered despite the potential encoded in its genome, 
suggests that many of the SM biosynthetic genes are not expressed in the tested laboratory 
conditions. To discover the cryptic SMs produced by these genes the molecular biology 
techniques described in the review can be used. These techniques also allow linking the 
known SMs to their coding genes such as in the case of mellein and alternariol. The 
independent deletion of SN477 and SnPKS19 and their expression in an heterologous host 
stablished this genes as the single enzymes required to produce mellein and alternariol 
respectively (Chooi et al., 2015a, Chooi et al., 2015b). Furthermore, none of the reported 
P. nodorum SMs has been initially isolated in planta and their ecological roles are 
unknown. 
Additionally, volatile organic compounds (VOCs), another facet of special metabolism, 
have been barely studied in P. nodorum; the only report existing for P. nodorum VOCs 
comes from a strain isolated from plum trees. It is clear that a deeper understanding on P. 
nodorum secondary metabolism is required. To go beyond the ten SMs reported from P. 
nodorum and to try to explore the role of P. nodorum secondary metabolism in the wheat-
P. nodorum context, this thesis aims to explore the metabolic landscape of this fungus in 
planta  and to determine the involvement of P. nodorum SMs in ecological processes 
such as pathogenicity and microbial antagonism. 
This work attempts to provide a new perspective on P. nodorum SMs. Hyphenated 
techniques mentioned before was used to evaluate the metabolic complexity of P. 
nodorum, in first instance (chapter 1). These techniques were also applied to track 
changes in the SM profiles in different conditions biologically relevant to the fungus such 
as microbial interaction or the plant infection (chapter 2). Ultimately, hyphenated 
analytical techniques as well as molecular biology tools lead to the discovery of new P. 
nodorum SMs and their coding genes (chapter 3).  
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2. General material and methods 
 
2.1. The microorganisms 
2.1.1. Parastagonospora nodorum 
The wild type P. nodorum strain used troughout this project was SN15. It is deposited in 
the American Type Culture Collection (ATCC MYA-4574) and Fungal Genetics Stock 
Center (FGSC# 10173). All P. nodorum mutants were generated from SN15. Unless 
otherwise stated, P. nodorum was grown at 22 ˚C in 12 hr dark and light cycles. Spores 
were collected two weeks post inoculation from V8-PDA plates. 
2.1.2.  Zymoseptoria tritici 
The wild type Z. tritici strain used in this project was WAI332, provided by Dr. Andrew 
Milgate from the Department of Primary Industries of NSW, Australia. WAI332 was 
isolated from Summit wheat in Wagga, NSW, Australia in 1979. Unless otherwise stated, 
Z. tritici was grown at 22˚C in 12 hr dark/light cycles. Spore collection was made at four 
days post inoculation from PDA plates. 
2.1.3.  Test microorganisms for antagonism assays 
2.1.3.1. Fungi and oomycete 
Fusarium oxysporum f. sp. lycopersici. was provided by Dr. David Jones, Phytophtora 
nicotianae was provided by Dr. Adrienne Hardham, and Eutiarospharella tritici-australis 
was provided by the South Australian Research and Development Institute. Unless 
otherwise stated, these organisms were grown at 22˚C in 12 hr dark/light cycles. 
2.1.3.2. Bacteria 
Sinorhizobium meliloti and Pseudomonas syringae were provided by Dr. Ulrike 
Mathesius and Dr. John Rathjen, respectively. Bacillus cereus, Sphingobacterium 
multivorum and Flavobacterium sp. were isolated from commercial surface sterilized 
wheat grain (Appendix III). 
Escherichia coli employed in this project was NEB 5-alpha electrocompetent E. coli.  
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2.1.4. Handling and maintenance of microorganisms 
2.1.4.1. Spore collection 
Spores were collected from cultures grown on solid media. 5 ml of sterile water was 
poured over the surface of the plate. The water was spread evenly with the pipette tip and 
was allowed to stand for two to three minutes. The surface of the plate was then scraped 
gently with a pipette tip and the water containing the spore solution was transferred to a 
15 ml sterile tube. Another 5 ml of sterile water was spread over the plate and the process 
was repeated. The spores collected in the centrifuge tube were then filtrated through 
sterile cotton wool using a sterile 10 ml syringe. The filtrate was centrifuged at 4000 rpm 
for five min (C3i Jouan), the supernatant was discarded and the spores forming the pellet 
were resuspended in 1 ml of sterile water.  
2.1.4.2. Glycerol stock preparation 
To preserve a microbial strain, glycerol stocks were prepared and stored at -80˚C. Spores, 
mycelial homogenates or bacterial cultures were centrifuged at 4000rpm during five min, 
the supernatant was discarded and the pellet resuspended in an aqueous sterile glycerol 
solution (20 % for fungal stocks and 50 % for bacterial stocks). The resulting solution 
was transferred to a cryo-tube, labelled and stored in a -80˚C freezer. 
2.1.4.3. Infected seed stock preparation 
5 g of wheat grain were placed in a McCartney bottle, 300 μl of distilled water were 
added, the cap was loosely replaced and the bottle was sterilised by autoclaving. 500 μl 
of a ~2x106 spores/ml solution was added to the autoclaved grain shaking it gently to 
assure a good distribution of the spores among the seeds and loosely replacing the cap to 
allow gas exchange.  
2.2. Culturing 
2.2.1. The culture media 
The different culture media used throughout this project are presented in the Table.2.1. 
Unless otherwise stated, all media was sterilised at 121˚C and 100 KPa for 20 minutes.  
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Table 2.1. Media recipes  
Media Composition per litre of media 
PDB and PDA 
Potato Dextrose Broth and Agar 
PDA: 39 g DifcoTM dehydrated PDA 
PDB: 24 g DifcoTM dehydrated PDB 
V8-PDB and V8-PDA 
V8 juice PDB liquid and V8 juice PDB 
Agar 
150 ml centrifuged Campbell’s V8 juice 
10.0 g DifcoTM dehydrated PDB 
If solid media add: 
3.0 g CaCO3 
15.0 g Bacto Agar 
MM 
Minimal Media (pH 6) 
4.5 g glucose 
2.0 g NaNO3 
1.0 g K2HPO4 
0.5 g KCl 
0.5 g MgSO4·7H2O 
10.0 mg ZnSO4·7H2O 
10.0 mg Fe2SO4·7H2O 
2.5 mg CuSO4·5H2O 
If solid media add 15.0 g Bacto Agar 
CYB 
Czapek Yeast Broth (pH 6) 
32 g Czapek dox dehydrated media 
4.0 g yeast extract 
1.0 g K2HPO4 
If solid media add 15.0 g Bacto Agar 
YMG 
Yeast Malt Glucose media (pH 6) 
10.0 g malt extract 
4.0 g yeast extract 
4.0 g glucose 
If solid media add 15.0g Bacto Agar 
Fries (pH 6) 30.0 g sucrose 
5.0 g yeast extract 
5.0 g ammonium tartrate 
1.0 g NH4NO3 
1.0 g KH2PO4 
0.5 g MgSO4·7H2O 
0.13 g CaCl 
0.1 g NaCl  
If solid media add 15.0 g Bacto Agar 
LB and LA 
Lysogeny Broth and Lysogeny Agar 
10.0 g NaCl 
10.0 g triptone 
5.0 g yeast extract 
If solid media add 15.0 g Bacto Agar 
YPDA 
Yeast Peptone Glucose Adenine media 
10 g yeast extract 
20.0 g triptone 
After autoclaving add: 
20.0 g glucose 
30 mg adenine hemisulfate 
If solid media add 15.0 g Bacto Agar 
Synthetic dropout media lacking uracil  
(pH 5.8) 
6.7 g Yeast base media (no amino acids) 
1.6 g amino acid mix lacking uracil 
After autoclaving add 30 g glucose  
If solid media add 15.0 g Bacto Agar 
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2.2.2. Plate cultures 
Unless otherwise stated 30 ml of sterile media was poured into plastic disposable petri 
dishes (94x15mm). Once the media had solidified (if it contained agar), plates were 
inoculated from glycerol or seed stocks, spore solutions or a direct transfer from a 
previous plate culture. Plates were then sealed with micropore tape and incubated as per 
the microorganism requirements. Unused cultured plates were stored at 4˚C for up to 6 
weeks. 
2.2.3. Liquid cultures 
Unless otherwise stated, 50 ml and 100 ml of media were prepared in 125 ml and 250 
ml Erlenmeyer flasks respectively. Cotton stopers and aluminium foil were used to 
cover the flasks which then were sterilized at 121˚C and 100 KPa for 20 minutes. After 
sterilization, and when the media was below 30˚C, the flasks were inoculated with a 
spore solution containing 1x106 spores per 50 ml of media to be inoculated and 
incubated at 22 ˚C in an orbital shaker (Bioline 8160, Edwards instruments Co.) at 130 
rpm.  
2.2.4. Detached leaf pathogenicity assays 
Seeds from the wheat cultivar Grandin were planted in 30 seedling starter cell trays 
containing soil. Trays were kept kept at 85% humidity, 20 oC during the day and 12 oC at 
night with 16:8 h light:dark cycles with a light intensity of 250 µE. 
For the experiment, detached leaves are imbibed in solid media and the microorganisms 
are spot inoculated by depositing droplets of spore solution over the leaves surface. Solid 
media was prepared by dissolving agar (1 %) and 0.03 % benzimidazole in tap water by 
heating in the microwave oven. 30 ml of the resulting media was poured in independent 
petri dishes. Using a scalpel a straight-60 ˚ cut was performed over the agar surface close 
to one side of the plate. The ends of two week old freshly cut 5 cm long and 0.25-0.50 cm 
wide wheat leaf sections were inserted into the agar cut. The other end of the leaf was 
embedded into the agar at the other side of the plate forming a bridge. Three drops of a 
spore solution (1x106 spores/ml containing 0.02 % tween 20) were placed on each leaf; 
the petri dish was closed and sealed with Parafilm®. The plates were incubated at 22˚C 
in 12 hrs dark/light cycles (Figure 2.1). 
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Figure. 2.1. Detached leaf assay. A) Cut water agar; B) one end of the wheat leaf 
segments inserted in the cut; C)  other end inserted forming leaf bridges; D) inoculated 
leaves. 
 
2.3. The extractions 
2.3.1. Solid Phase Extraction (SPE) from the media 
Media was separated from the mycelia by centrifugation at 4000 rpm for 5 min (C3i 
Jouan). The polymeric adsorbent resin Diaion HP20 (Mitsubishi Chemical Corp.) was 
used to extract the secondary metabolites from the media. The amount of resin used for 
this procedure equalled 5 % (mass per volume) of the liquid to be extracted. In order to 
rehydrate the resin, the required volume was placed in a column and washed with two 
volumes of methanol.  Then the Diaion HP20 was washed with six volumes of distilled 
water to equilibrate the resin. The media to be extracted was slowly passed through the 
column containing the resin. After all the media passed through, the column was washed 
with three volumes of distilled water which was removed afterwards by vacuum. The 
column was first eluted with three volumes of methanol, followed by three volumes of 
ethyl acetate and finally three volumes of hexane. The eluates were concentrated in a 
rotatory evaporator (Rotavapor, Buchi) and combined in a single extract. 
2.3.2. Lyophilisation 
Lyophilisation of different material was performed by placing the sample in a freezer or 
freezing the sample in liquid nitrogen if time was crucial. Once the sample had a 
temperature around -80 ˚ C it was placed into the lyophiliser (Benchtop K, VirTis) holding 
a pressure less than 60 mTor and a condenser set under -50 ˚C until all water had 
sublimated from the sample.  
 A     B      C        D 
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2.3.3. Organic macerations from mycelia 
Lyophilised mycelia was crushed and transferred to Erlenmeyer flasks. Unless otherwise 
stated, ethyl acetate was added until the mycelium was covered by the solvent and 
aluminium foil was used to seal the flasks opening. The mycelium was macerated 
overnight and then vacuum filtrated using a Kitasato flask and a Buchner funnel. The 
filtrate was concentrated in a rotatory evaporator (Rotavapor, Buchi) and the recovered 
solvent employed again for maceration. This process was repeated at least three times or 
for as long as something continued to be extracted. At the end all extracts from the same 
source were combined together. 
2.4. The chromatography 
2.4.1. Flash chromatography 
The Reveleris® X2 (Grace) flash Chromatographer was used for the fractionation of 
extracts and to perform gross purifications. Primary fractionations were performed using 
Reveleris® Silica cartridges while subsequent fractionations and purifications were 
performed either using Reveleris® Silica or Reveleris® C18 WP cartridges. The solvents 
used and gradients depended on the sample and were programed based on a scouting thin 
layer chromatography or from a chromatogram of a previous flash run. Normal phase 
separations followed hexane, ethyl acetate or dichloromethane, methanol or ethanol, 
water elutions. Reverse phase separations followed water, acetonitrile, isopropanol 
elutions. 
 Unless otherwise stated, samples were loaded by adsorbing in either silica or celite. An 
amount of silica or celite not bigger than 10% of the column was placed in an evaporation 
flask along with the sample dissolved in an appropriate solvent. The solvent was removed 
in a rotatory evaporator (Rotavapor, Buchi) and the solids transferred to an empty solid 
loader (Grace). 
2.4.2. Liquid chromatography-mass spectrometry (LC-MS) 
Two different types of LC-MS analysis were performed, low resolution MS and hi 
resolution MSMS (HRMS2). In both cases samples were prepared in methanol or 
acetonitrile either pure or with H2O and filtrated through 0.20 μm PTFE filters to remove 
any insoluble particles. 
Low resolution LC-MS was performed using an Agilent 1260 Infinity LC coupled to an 
Agilent 6120 single quadrupole. The software used was Open Lab CDS ChemStation 
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edition Rev. C.01.07[27] © Agilent Technologies. The column and conditions were 
sample dependent. 
LC-HRMS2 was performed in an Agilent 6530 Accurate Mass Q-TOF LC/MS with an 
Agilent Zorbax Eclipse XDB-C18 RRHD (2.1x150 mm 1.8 µm) column. The gradient 
was programed as follows: 2-10 % B over 10 min, 10-25 % B over 20 min, 50 % B over 
25 min, 70 % B over 30 min, 70 % over 20 min, with an equilibration time of 15 min, at 
200 μl/min where solvent A corresponds to H2O + 0.5 % Formic Acid (FA) and solvent 
B to 90 % CH3CN in water + 0.5 % FA. Data was processed using the molecular feature 
(MF) extractor algorithm of the Mass Hunter Workstation Qualitative Analysis B.04.00 
software (© Agilent Technologies). 
2.4.3. Gas chromatography-mass spectrometry (GC-MS) 
GC-MS analyses were performed using an Agilent 7890A gas chromatographer coupled 
to a single quadrupole Agilent 5975 mass spectrometer using a Gerstel MPS 2XL 
autosampler. Data was acquired using MSD ChemStation E.02.01.1177 (© Agilent 
Technologies, Inc.).Analysis of the data was performed using ChemStation and MS 
Search (NIST Mass Spectral Search Program [Version 2.0g] for the NIST/EPA/NIH Mass 
Spectral Library [NIST Standard Reference Database 1A Version NIST 11]  build May 
19 2011)(© National Institute of Standards and Technology)  
GC-MS2 was performed using a Finnigan TraceGC ultra (Thermo Scientific) coupled to 
an iontrap Finnigan Polaris Q (Thermo Scientific) mass spectrometer. Data analysis was 
performed employing Xcalibur™ 1.4 (©Thermo Scientific) software. 
Both, GC-MS and GC-MS2 analysis were performed using un-derivatised fractions 
prepared in CH2Cl2, CHCl3 or hexane. Also, in both cases the column employed was a 
Varian CP9013-1Factor4 5ms 350 °C: 40 m x 250 µm x 0.25 µm, unless otherwise stated. 
2.5. Molecular biology tools 
2.5.1. DNA extraction 
50 mg of lyophilised samples (either in vitro cultures or infected plant material) were 
place in 1.5 microcentrifuge tubes. A tungsten-carbide bead was placed inside each tube. 
All samples were ground for 1 min at 25 Hz in a Qiagen TissueLyser II Bead mill. Two 
different protocols for DNA extraction were used. For qPCR analysis, the disrupted 
material was extracted using the DNeasy®Plant mini Kit from Qiagen as per the protocol 
supplied by the manufacturer. 
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Genomic DNA samples for standard PCR procedures such as screening for positive 
tranformants, were obtained using the following procedure. 300 μl of TE buffer (10 mM 
tris(hydroxymethyl)aminomethane [Tris] and 1 mM ethylenediaminetetraacetic acid 
[EDTA], at pH 8) with 1 % sodium dodecyl sulphate (SDS) was added to the ground 
material and incubated for 5-10 min at 70 ˚C with 1200 rpm shaking in an Ependorf 
Thermomixer Comfort. After this lysing step, 300 μl of 2.8 M potassium acetate solution 
was added to precipitate proteins and SDS. The sample was centrifuged for 10 min at 
maximum speed in a Hereaus Pico 21 centrifuge (Thermo Scientific). The supernatant 
was transferred to a 1.5 ml microcentrifuge tube containing 500 μl isopropanol and mixed 
by inversion 20 times. Tubes were centrifuged 10 min at maximum speed and the 
supernatant discarded. The resulting DNA pellet was rinsed with 250 μl 70% ethanol, air 
dried and redissolved in 20 µL TE buffer. 
2.5.2. Quantification of DNA 
The concentration of DNA samples was determined using the Invitrogen Qubit®2.0 
fluorometer from Life Technologies Corporation as per the protocol supplied by the 
manufacturer. 
2.5.3. Polymerase Chain Reaction (PCR) 
2.5.3.1. Primer design 
Primers were designed using the NCBI Primer designing tool (www.ncbi.nlm.nih.gov) 
and Vector NTI Advance™ 11.0 (© Invitrogen Corporation). The Basic Local Alignment 
Search Tool (BLAST) from NCBI was employed to discard primers with nonspecific 
binding. NetPrimer (© PREMIER Biosoft International) was used to look for the 
formation of undesirable secondary structures. The designed primers were synthesised by 
Integrated DNA Technologies Pty. Ltd. (Singapore). 
2.5.3.2. General PCR 
DNA amplification was performed in a C1000 Touch Thermal cycler (Bio-Rad). The 
recipes used for the PCR depended on the polymerase employed for the reaction. Table 
2.2 summarises those recipes and the thermocycler program. 
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Table 2.2.  PCR recipes and program. 
Polymerase Recipe per reaction Thermocycler program 
GoTaq 2x Go Taq® master mix:  12.5 μl 
Primers(10 μM) 
F:                                       1 μl  
R:                                       1 μl 
DNA template:                 5-100 ng 
Water:                               up to 25 μl 
1. 3 min at 95 ˚C 
2. 30 s at 95 ˚C 
3. 30s at 3 ˚C under primer Tm 
4. 1 min per template kb at 72 ˚C 
5. Go to step 2, repeat 34 times 
6. 5 min at 72 ˚C 
7. hold at 12 ˚C 
ExTaq® Polymerase:                     0.25 μl 
10X Buffer:                       2.5 μl 
2.5 mM dNTPs:                0.5 μl 
Primers(10 μM) 
F:                                      1 μl  
R:                                      1 μl 
DNA template:                5-100 ng 
Water:                              up to 25 μl 
 
2.5.3.3. Quantitative PCR 
Quantitative PCR was performed in 384 well plates with 10 µl per reaction. Each reaction 
contained 5 μl of 2X Fast SYBR® Master Mix, 3-9 pmol of each primer and 5pg to 10 
ng of template DNA. qPCR analyses were run in an Applied Biosystems® ViiA™7 Real-
Time PCR System (Life Technologies Corporation) using the following program: 1. 20 s 
at 95 ˚C, 2. 1 s at 95 ˚C, 3. 20 s at 60 ˚C (data was collected at this step), 4. go to step 2, 
repeat 40 times. After each qPCR, a melting curve analysis was performed using the 
following program: 15 s at 95 ˚C, then 1 min at 60 ˚C, finally, increase temperature by 
0.05 ˚C/s (data was collected during this step) up to 95 ˚C. The data was processed using 
the ViiA™7 software v.1.1 (© Life technologies Corporation). 
2.5.4. DNA gel electrophoresis 
For general DNA gel electrophoresis 0.8 % agarose gels and TAE buffer (40 mM Tris, 
20 mM acetic acid, and 1 mM EDTA) were used. GelRed™ (Biotium) was added to the 
agarose gel. If the DNA needed to be recovered from the gel, SYBR® Safe DNA gel stain 
(Invitrogen) was used instead of GelRred™. The 0.8 % agarose solution was poured into 
a gel tray where the adequate combs have been placed. Once the gel has set, it was placed 
in the electrophoresis tank filled with TAE buffer. 
Samples were prepared by adding purple gel loading dye (Biolabs) run along a Gene 
Ruler 1Kb ladder (Thermo Scientific). The electrophoresis was run using an EC 300 XL 
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power supply (Thermo Scientific) set at 80-90 V (90 mA) during the required time for 
the loading dye to migrate through 80 % of the gel. 
The gels were visualised in a Bio Rad Molecular Imager® Gel Doc™ XR+. The images 
were acquired and processed by Image Lab™ Version 3.0 build 11 (© Bio-Rad 
Laboratoies) software. 
2.5.5. DNA recovery from gel 
To recover DNA bands from an agarose gel, the gel was placed over a Dark Reader® 
transilluminator DR-45M (Clare Chemical Research) and the desired bands manually cut 
from the gel. The cut segments were placed in 2 ml microcentrifuge tubes and the DNA 
recovered using a Zymoclean™ Gel DNA Recovery Kit (Zymo Research) as per the 
protocol supplied by the manufacturer. 
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3.  Assessing the in vitro capacity of P. nodorum to produce 
secondary metabolites 
 
3.1. Background 
The interaction established between a plant and its pathogens is mediated by the exchange 
of diverse molecules. Among these, plant pathogens are known to produce phytotoxins. 
These molecules can exhibit a phytotoxic effect across a broad spectrum of hosts or act 
as host specific toxins (HST).  The biosynthetic origin of phytotoxins can be quite diverse 
as they vary from small molecules to macromolecules. However, most of the known 
toxins from plant pathogens are SMs (Berestetskiy, 2008). In order to understand the 
disease mechanisms of the plant pathogens, many studies aim to discover phytotoxic 
secondary metabolites (SMs). Such is the case of P. nodorum. 
3.1.1. P. nodorum SMs 
Although P. nodorum has been the target of several natural product studies, only a few 
secondary metabolites have been discovered (Table 3.1). Both, the isocumarins (melleins) 
and the substituted pyrazines (septorines) have phytotoxic properties inhibiting wheat 
seedling growth. Mellein slows down the mitotic cycle and reduces CO2 uptake probably 
by a direct inhibition of the citric acid cycle (Essad et al., 1981, Bethenod et al., 1982b). 
Septorine, on the other hand, causes a decoupling within wheat mitochondria resulting in 
the inhibition of ATP synthesis (Bousquet et al., 1980). Nevertheless, it is now recognised 
that the mayor drivers of Septoria nodorum blotch (SNB) are proteaceous HSTs that act 
in an anticanonical gene for gene interaction (Friesen et al., 2007). 
A genome survey revealed the high capacity of P. nodorum to produce secondary 
metabolites. Its genome codes for 23 polyketide synthases (PKS), 14 non-ribosomal 
peptide synthetase (NRPS), 4 terpene synthases, and 5 enzymes involved in 
phenylpropanoid biosynthesis (Chooi et al., 2014). To date, in the literature, only two 
genes from these 46 backbone SM biosynthetic genes have been linked to their products: 
SN477 is the gene required for the mellein family biosynthesis (Chooi et al., 2015a), and 
SnPKS19 is the only gene responsible for alternariol production (Chooi et al., 2015b). It 
is clear that the secondary metabolites from P. nodorum remain an area rich in research 
opportunities.   
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Table 3.1. Reported secondary metabolites from P. nodorum 
Compound name Structure Formula Reference 
Mellein 
 
C10H10O3 
(Devys et al., 
1974) 
O-methylmellein 
 
C11H12O3 
(Devys et al., 
1980) 
4-hydroxymellein 
 
C10H10O4 
(Devys et al., 
1980) 
7-hydroxymellein 
 
C10H10O4 
(Devys et al., 
1980) 
5-hydroxymellein 
 
C10H10O4 
(Devys et al., 
1994) 
4′-methoxy-(2S)-
methylbutyrophenone 
 
C12H16O2 
(Yang et al., 
2013) 
Alternariol 
 
C14H10O5 
(Tan et al., 
2009) 
Septorine 
 
C16H18N2O4 
(Devys et al., 
1978) 
N-methoxyseptorine 
 
C17H20N2O5 
(Devys et al., 
1982) 
N-methoxyseptorinol 
 
C17H22N2O5 
(Devys et al., 
1992) 
Mycophenolic acid 
 
C17H20O6 
(Devys et al., 
1980) 
9-O-glucosyl 
mycosporin-2 
 
C18H27NO10 
(Bouillant et al., 
1981) 
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3.1.2. SM from Phaeosphaeria/Stagonospora species 
Considering the virtual capacity of P. nodorum to produce SMs and our lack of 
knowledge in this subject, a survey on SMs from the Phaeosphaeria/Stagonospora genus 
was performed from the available literature (Table 3.2). Excluding those produced by P. 
nodorum, the plethora of known SMs from these closely related species reaches 65 
compounds, the majority of them polyketides. Worthwhile to note are the phytotoxic 
perilenequinones from an endolichenic Phaeosphaeria and the gibberellins from 
Phaeosphaeria sp. L487. 
 
Table 3.2. Phaeosphaeria/Stagonospora secondary metabolites. 
Compound name Structure Fungal source Reference 
Mellein 
 
S. apocyni 
(Venkatasubbaiah 
et al., 1992) 
Citrinin 
 
S. apocyni 
(Venkatasubbaiah 
et al., 1992) 
Tyrosol 
 
S. apocyni 
(Venkatasubbaiah 
et al., 1992) 
α-acetylocrinol 
 
S. apocyni 
(Venkatasubbaiah 
et al., 1992) 
Stagonolide 
 
S. cirsii 
(Yuzikhin et al., 
2007) 
Stagonolide B 
 
S. cirsii 
(Evidente et al., 
2007) 
Stagonolide C 
 
S. cirsii 
(Evidente et al., 
2007) 
Stagonolide D 
 
S. cirsii 
(Evidente et al., 
2007) 
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Table 3.2. (continues) Phaeosphaeria/Stagonospora secondary metabolites. 
Compound 
name 
Structure Fungal source Reference 
Stagonolide E 
 
S. cirsii 
(Evidente et al., 
2007) 
Stagonolide F 
 
S. cirsii 
(Evidente et al., 
2007) 
Stagonolide G 
 
S. cirsii 
(Evidente et al., 
2008) 
Stagonolide H 
 
S. cirsii 
(Evidente et al., 
2008) 
Stagonolide I 
 
S. cirsii 
(Evidente et al., 
2008) 
Modiolide A 
 
S. cirsii 
(Evidente et al., 
2008) 
Pleosporone 
 
Pleosporales 
endophyte 
(Zhang et al., 
2009) 
Phaeosphenone 
 
Phaeosphaeria sp. 
(Zhang et al., 
2008) 
Paeosphaerin A 
 
Phaeosphaeria sp. (Li et al., 2012) 
Paeosphaerin B 
 
Phaeosphaeria sp. (Li et al., 2012) 
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Table 3.2. (continues) Phaeosphaeria/Stagonospora secondary metabolites. 
Compound 
name 
Structure Fungal source Reference 
Paeosphaerin C 
 
Phaeosphaeria sp. (Li et al., 2012) 
Paeosphaerin D 
 
Phaeosphaeria sp. (Li et al., 2012) 
Paeosphaerin E 
 
Phaeosphaeria sp. (Li et al., 2012) 
Paeosphaerin F 
 
Phaeosphaeria sp. (Li et al., 2012) 
Hypocrellin A 
 
Phaeosphaeria sp. (Li et al., 2012) 
Hypocrellin B 
 
Phaeosphaeria sp. (Li et al., 2012) 
Calphostin D 
 
Phaeosphaeria sp. (Li et al., 2012) 
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Table 3.2. (continues) Phaeosphaeria/Stagonospora secondary metabolites. 
Compound name Structure Fungal source Reference 
Elsinochome A 
 
Phaeosphaeria sp. 
S. convolvuli 
(Li et al., 
2012, Nicolet 
& Tabacchi, 
1999) 
Elsinochome B 
 
Phaeosphaeria sp. 
(Li et al., 
2012) 
Elsinochome C 
 
Phaeosphaeria sp. 
(Li et al., 
2012) 
Cercosporin 
 
S. convolvuli 
(Nicolet & 
Tabacchi, 
1999) 
Leptosphaerodione 
 
S. convolvuli 
(Nicolet & 
Tabacchi, 
1999) 
Pramanicin 
 
Stagonospora sp. 
(Schwartz et 
al., 1994, 
Harrison et 
al., 2000) 
Nonyloxiranyl 
propenoic acid 
 
Stagonospora sp. 
(Schwartz et 
al., 1994, 
Harrison et 
al., 2000) 
Phaeosphaeride A 
 
Phaeosphaeria sp. 
(Maloney et 
al., 2006) 
Phaeosphaeride B 
 
Phaeosphaeria sp. 
(Maloney et 
al., 2006) 
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Table 3.2. (continues) Phaeosphaeria/Stagonospora secondary metabolites. 
Compound name Structure Fungal source Reference 
Spartopregnenolone 
 
P. spartinae 
(Elsebai et al., 
2013) 
Pyranospartinol 
 
P. spartinae (Elsebai, 2011) 
Furanospartinol 
 
P. spartinae (Elsebai, 2011) 
Spartinol A 
 
P. spartinae 
(Elsebai et al., 
2009) 
Spartinol B 
 
P. spartinae 
(Elsebai et al., 
2009) 
Spartinol C 
 
P. spartinae 
(Elsebai et al., 
2009) 
Spartinol D 
 
P. spartinae 
(Elsebai et al., 
2009) 
Spartinoxide 
 
P. spartinae 
(Elsebai et al., 
2010) 
4-hydroxy-3prenyl- 
benzoic acid 
 
P. spartinae 
(Elsebai et al., 
2010) 
Anofinic acid 
 
P. spartinae 
(Elsebai et al., 
2010) 
Gibberellin A1 
 
Phaeosphaeria 
sp. L487 
(Kawaide & 
Sassa, 1993) 
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Table 3.2. (continues) Phaeosphaeria/Stagonospora secondary metabolites. 
Compound name Structure Fungal source Reference 
Gibberellin A4 
 
Phaeosphaeria sp. 
L487 
(Sassa et al., 
1989) 
Gibberellin A9 
 
Phaeosphaeria sp. 
L487 
(Sassa et al., 
1989) 
Gibberellin A12 
 
Phaeosphaeria sp. 
L487 
(Kawaide et al., 
1995) 
Gibberellin A15 
 
Phaeosphaeria sp. 
L487 
(Kawaide et al., 
1995) 
Gibberellin A20 
 
Phaeosphaeria sp. 
L487 
(Kawaide et al., 
1995) 
Gibberellin A24 
 
Phaeosphaeria sp. 
L487 
(Sassa et al., 
1994) 
Gibberellin A25 
 
Phaeosphaeria sp. 
L487 
(Sassa et al., 
1994) 
Gibberellin A82 
 
Phaeosphaeria sp. 
L487 
(Seto et al., 1995) 
ent-13-epi-manoyl 
Oxide 
 
Phaeosphaeria sp. 
L487 
(Kenmoku et al., 
2004) 
Phaeoside 
 
Phaeosphaeria sp. 
L487 
(Kenmoku et al., 
2004) 
 
 
 
 55 
 
Table 3.2. (continues) Phaeosphaeria/Stagonospora secondary metabolites. 
Compound name Structure 
Fungal 
source 
Reference 
Regiolone 
 
Phaeosphaeri
a sp. 
BCC8292 
(Pittayakhajonwu
t et al., 2008) 
Trihydroxy 
dihydro 
naphthalenone 
 
Phaeosphaeri
a sp. 
BCC8292 
(Pittayakhajonwu
t et al., 2008) 
Dihydroxy 
methoxydihydro 
naphthalenone 
 
Phaeosphaeri
a sp. 
BCC8292 
(Pittayakhajonwu
t et al., 2008) 
Trihydroxy 
dihydro 
naphthalenone 
 
Phaeosphaeri
a sp. 
BCC8292 
(Pittayakhajonwu
t et al., 2008) 
4-hydroxyscytalone 
 
Phaeosphaeri
a sp. 
BCC8292 
(Pittayakhajonwu
t et al., 2008) 
Trihydroxy 
methoxy dihydro 
naphthalenone 
 
Phaeosphaeri
a sp. 
BCC8292 
(Pittayakhajonwu
t et al., 2008) 
Ethyl hydroxyl 
dimethoxy 
naphthoquinone 
 
Phaeosphaeri
a sp. 
BCC8292 
(Pittayakhajonwu
t et al., 2008) 
Acetoxyethyl 
hydroxy-dimethoxy 
naphthoquinone 
 
Phaeosphaeri
a sp. 
BCC8292 
(Pittayakhajonwu
t et al., 2008) 
Oxybis(2,4-
dichloro-5-
methylphenol) 
 
Phaeosphaeri
a sp. 
BCC8292 
(Pittayakhajonwu
t et al., 2008) 
Deacetyl 
kirschsteinin 
 
Phaeosphaeri
a sp. 
BCC8292 
(Pittayakhajonwu
t et al., 2008) 
Kirschsteinin 
 
Phaeosphaeri
a sp. 
BCC8292 
(Pittayakhajonwu
t et al., 2008) 
 
3.1.3. Elusive SMs and possible expression changing culturing conditions 
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As in the case of P. nodorum, there is a great disproportion between the SM backbone 
coding genes identified on fungal genomes and the known chemical structures (Muria-
Gonzalez et al., 2015). This is because SMs are not normally constitutively produced but 
tend to be expressed only in the natural condition(s) where they may play a role 
(Hertweck, 2009). The fungus “senses” its environment to recognise those particular 
circumstances which activates or supresses SM processes such as biosynthesis, 
compound accumulation and transport. Consequently, the modification of culturing 
conditions has been a strategy for mining novel fungal SMs (Wiemann & Keller, 2014). 
Since regulation of SMs may be affected by nutrient availability, presence or absence of 
chemical cues, or by different proportions of the above, varying the media composition 
also changes the SMs profiles (Bode et al., 2002). Aspergillus spp. is the model organism 
for research on fungal secondary metabolism; studies on Aspergillus have shown the 
effects of several culturing conditions on SM expression. Aflatoxin production is 
promoted when simple sugars such as glucose and fructose, are used as carbon source, 
but not when the carbon source are tricarboxylic acids, peptone, or sugars like lactose, 
galactose, xylose and mannitol (Abdollahi & Buchanan, 1981, Buchanan & Stahl, 1984, 
Kachholz & Demain, 1983). Similarly the nitrogen source also affects SM production: in 
A. parasiticus  nitrate as a nitrogen source reduces aflatoxin production but increases 
sterigmatocystin expresion while ammonia promotes aflatoxin production (Kachholz & 
Demain, 1983). Conversely, in A. nidulans sterigmatocystin synthesis is promotes by 
using nitrate as nitrogen source while ammonia represses it (Feng & Leonard, 1998). This 
is an example that regulation of secondary metabolism in fungi do not follow the same 
pattern between different species. In addition to media composition, other variables such 
as oxygen concentration, temperature and light affect SMs expression. In some fungi, 
particular wavelengths of light have been found to control the production of certain SMs 
(Fischer, 2008). As explained in the review presented section 1.2, the “velvet complex” 
comprising  LaeA, VeA and VelB from Aspergilus nidulans, plays a role in the light 
regulation of SMs and sexual development (Bayram et al., 2008). However, SMs 
regulation has been shaped by selection to respond the particular needs of the producer 
organism and generalisations to their regulation are difficult to perform. 
 
 
3.1.4. Secondary metabolite extraction 
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There are many techniques to extract SMs, the selection of which depends on several 
factors, including, the type of source material, chemical properties of the substances to be 
extracted, the analysis to be performed, and the budget. Nevertheless, the traditional 
approach of solvent extraction remains the most commonly used method in natural 
product chemistry (Bucar et al., 2013). In this work we performed organic solvent 
macerations and the quick, easy, cheap, effective, rugged, and safe method (QuEChERS) 
to extract from solids and solid phase extraction (SPE). 
3.1.4.1. Extractions from solid matrixes 
All diverse procedures to obtain SMs from a solid matrix, such as plant material or 
microbial biomass, follow the same mechanism; a) the extracting solvent penetrates the 
cells, b) inside the cells it solubilises the substances of interest, and c) the SMs diffuse 
out to the bulk extractant. Step ‘a’ can be aided by grinding, lyophilising or sonicating 
the sample. Sonication may also improve the efficiency of ‘b’ and ‘c’. 
Organic solvent macerations are simple but time consuming. The biomass is soaked in an 
appropriate solvent, selected to solubilise the SMs of interest, for hours or days, and then 
the solvent containing the SMs is recovered. It is highly likely that the process needs to 
be repeated several times in order to perform an exhaustive extraction since the diffusion 
of the analytes to the solvent will stop once the partition equilibrium established between 
the solid and liquid phases is reached (Pawliszyn, 2000).  
Another solid-liquid extraction technique is the QuEChERS method which combines an 
acetonitrile (MeCN) extraction and a liquid-liquid partition to extract pesticides in the 
presence of salts (Anastassiades et al., 2003).  Depending on the matrix and the 
compounds embedded on it, different salts and other additives may be used and 
adaptations to the QuEChERS method for different purposes have been made. One of 
these applications is the determination of mycotoxins in cereal products using gas or 
liquid chromatography interfaced with mass spectrometry (Desmarchelier et al., 2010, 
Cunha & Fernandes, 2010, Vaclavik et al., 2010). 
3.1.4.2. SM extractions from liquids 
When working with microbial SMs it is quite common that the metabolites of interest are 
released into the media. For these molecules, liquid-liquid extraction (LLE) techniques 
are commonly employed such as organic partitions. An alternative to LLE is SPE, the 
most popular sample preparation procedure for many analytical techniques. SPE is the 
adsorption of substances (adsorbates) from either a liquid or gaseous phase into a solid 
substrate (adsorbent) where it accumulates (Hennion, 1999, Abdullah et al., 2009). There 
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are many SPE adsorbents and the selection of the most appropriate one relies mainly on 
size and chemical nature of the adsorbates. In microbial natural product chemistry, 
polymeric adsorbents such as polystyrene divinylbenzene (PS-DVB) resins are 
commonly used due to their high surface area, high affinity for organic molecules and 
low selectivity (Barrow, 2005).  
3.1.5. LC-MS analysis 
SMs profiling of crude extracts is a challenging task due to their inherent complexity. 
Hyphenated techniques, the direct coupling between a separation instrument and a 
spectroscopic or spectrometric device, have become the cornerstone of these analyses 
(Wolfender et al., 2015). Liquid chromatography-mass spectrometry (LC-MS) systems 
combine the versatility and resolving power of LC with the analytical power of MS. 
Standard methods use reverse phase LC (commonly C18 bonded silica) with a water-
acetonitrile or water-methanol gradient as a mobile phase and a soft ionization technique 
such as atmospheric pressure chemical ionization (APCI) or electrospray ionization (ESI) 
as the interphase between the LC and MS (Sarker & Nahar, 2005). ESI is a soft ionization 
technique where the analyte, M, tends to produce intact molecular ions by the addition or 
subtraction of protons, [M+nH]n+ and [M-nH]n- in the positive and negative mode 
respectively. However the formation of adducts with other ions present (such as Na+ or 
K+) in the mobile phase is very common in positive ionisation mode whilst carbonate or 
acetate adducts are often observed in negative mode. A limitation of ESI in simple LC-
MS is the production of low or no fragmentation, meaning lack of structural information. 
To obtain fragments using an ESI source tandem MS (MSn) is used. In MSn, an ion is 
selected by a mass analyser (e.g. quadrupole [Q] or ion trap) the selected ion is then 
fragmented and the resulting ions are analysed (Q, ion trap, linear trap, time of flight 
analyser [TOF]) and the process is repeated n times before the products of the last 
fragmentation are detected to produce the mass spectrum (Feng et al., 2007). If Tandem 
MS is done in a trap, it is called tandem in time and the numbers of cycles ion selection-
fragmentation is theoretically not restricted. In the other hand, tandem MS in space is 
performed in a beam-type instrument using two or more and a collision cell (q) in-
between them; the number of ion selection-fragmentation is determined by the number of 
analysers and collision cells for example a QqQ or a QqTOF allows just MS2 or MSMS 
(Hocart, 2010). Although LC-MS is a powerful technique it is important to recognise its 
limitations. In the one hand, the main limitation in the LC part is not being able to resolve, 
in a single chromatographic run, the whole spectrum of polarity from all components of 
a complex sample. In the other hand, the weak side of the MS part is the identification of 
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unknown analytes since this relies on the availability of standards and databases; if the 
standards are not available or the substance is not listed on the databases, the identification 
of the unknown compound becomes very difficult (Gika et al., 2014). 
The starting point of this project is grounded on the potential of P. nodorum to produce 
SMs and the lack of knowledge on these substances which may be involved in the plant-
fungus interaction. This chapter delves the in vitro “metabolic landscape” of P. nodorum 
cultured in multiple conditions in order to build a comprehensive spectral library. This 
library was used in Chapter 4, where the interaction of P. nodorum with other organisms 
was investigated, to discern P. nodorum associated molecules from those produced by the 
other organisms. Worth to mention that determining the identity of P. nodorum 
metabolites is not one of the aims of the present chapter considering the amount of work 
implied in the identification of individual unknown SMs. Furthermore, the compound 
identification is not required for the performance of the produced spectral library. 
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3.2. Methods 
3.2.1. SN15 culturing conditions 
The use of V8-PDB, MM, CYB, YMG in this chapter to culture P. nodorum, is based on 
previous work focussed on discovering new P. nodorum SMs (Krill, 2012). Since P. 
nodorum phytotoxins have been isolated from fermentations in Fries media, it was 
decided to include it as a fifth culture broth (Bousquet & Skajennikoff, 1974, Devys et 
al., 1974, Devys et al., 1978, Devys et al., 1980, Liu et al., 2004, Friesen et al., 2006, 
Friesen et al., 2007).  
Two 100 ml liquid SN15 cultures were prepared using V8-PDB, MM, CYB, YMG and 
Fries media as explained in Section 2.2. Two extra un-inoculated flasks were prepared as 
controls for each media. To investigate the role of light in SM production cultures, one 
SN15 inoculated and one control flask per media were covered in aluminium foil to 
ensure growth in the absence of light. All cultures were incubated for 11 days at 22 ⁰C on 
an orbital shaker (Bioline 8160, Edwards instruments Co.) at 130 rpm under continuous 
fluorescent light.  
Solid V8-PDA is a sporulation inducing media. Since spore and SM production seem to 
be linked together, three V8-PDA plates of SN15 and three un-inoculated V8-PDA plates 
as controls were set up and incubated at 22 ⁰C in a 12 hr dark and light cycle. To evaluate 
the metabolic profile of the spores, these were collected at two weeks post-inoculation 
(Section 2.1.4). 
Finally, as a “natural” substrate for P. nodorum culturing, 10 g of wheat grain and 0.8 ml 
of distilled water were added to two 125 ml Erlenmeyer flasks. The flasks were capped 
with a cotton stoper and sterilized by autoclaving. 4 ml of sterilised water was added to 
one of them while the other was inoculated with 4 ml of a 1x106 SN15 spores/ml solution; 
cotton plug was replaced and sealed with Parafilm® to maintain humidity. The flask was 
incubated for 11 days at room temperature. 
3.2.2. Extraction procedures 
Media and mycelia were separated by centrifugation for each culture. SPE was employed 
to extract SMs from the media (Section 2.3.). SPE simplifies the extraction procedure 
compared with liquid-liquid extractions and reduces the use of organic solvents and to 
improve the SMs recovery. Mycelium, V8-PDA plates and the spores collected from the 
plates were lyophilised prior to extraction by organic maceration (Section 2.3).   
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Finally, the QuEChERS method is well standardised to obtain mycotoxins from grain. 
Since most mycotoxins are SMs, this technique was employed to recover the fungal SMs 
from the inoculated grain samples (Anastassiades et al., 2003). Grain was ground in a 
coffee mill and 5 g of the resulting flour was placed in a 50 ml disposable centrifuge tube 
and 10 ml of acetonitrile (MeCN) containing 0.5% acetic acid was added. The tube was 
shaken by hand and 10 ml of water containing 0.5% acetic acid were added. The samples 
were then sonicated for 2 min in an ultrasonic bath (model 8845-4, Cole-Parmer). 1 g of 
NaCl and 4 g of MgSO4 were added to the tube, shaken by hand again and then sonicated 
for 30 min. The organic phase was transferred to a new tube and kept at -20 ⁰C during 12 
h and centrifuged to remove the lipids from the extract. 
Since the extractions procedures described here are based on the polar characteristics of 
the analytes, medium range polarity and non-polar primary metabolites will also be 
extracted. 
3.2.3. LC/MS 
Each extract was independently concentrated in a rotatory evaporator (Rotavapor, Buchi). 
The sample preparation was optimised to obtain as many chemical classes as possible by 
using different solvent systems to dissolve the sample. Mycelial extracts were 
resuspended in methanol (MeOH) while those obtained from the media were dissolved in 
80% aqueous MeOH with the aid of an ultrasonic bath due to its higher content of polar 
compounds. 0.5 ml of the methanolic solution was filtered through a 0.2 μm PTFE syringe 
filter, added to a 2 ml amber vials and crimp caped. Samples were stored at 4 ⁰C until the 
LC-HRMS2 analyses were performed (Section 2.4.2). 
To analyse a broad range of chemical species of medium polarity range a C18 column 
was selected. For the selection of the column, several aspects were considered: the column 
should have C18 bound silica as standard stationary phase, should be end-caped to reduce 
the interaction of the analytes with the free silanols, have small particle size to increase 
the separation surface area, and be a long column to increase further the resolution of the 
separation.  
3.2.4. Chromatogram processing and database building 
To process all the collected data, the molecular feature extractor algorithm of the Agilent 
Mass Hunter Workstation Qualitative Analysis B.04.00 software was employed. This 
function deconvolutes the data and groups the detected ions in possible compounds. This 
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from here on is called a feature or molecular feature which refers to a group of detected 
ions at a particular retention time (RT) that are deemed to represent a single compound. 
The exact mass and RT of the features detected in the un-inoculated substrates were 
compiled in a spreadsheet and subtracted from the ones found in SN15 cultures leaving 
just SN15 associated features.  
The exact mass, RT and MS2 spectra were compiled in a spectral library using the Agilent 
Mass Hunter PCDL Manager B.04.00 excluding peaks that were less than 10% of the 
base peak intensity. 
Processed chromatograms were exported as a CSV file and the Agilent Mass Hunter Mass 
Profiler Pro (MPP) B.04.00 used to align the chromatograms to find shared features. The 
data of the aligned features was exported to a spreadsheet for manual analysis. 
Results from all treatments were used to build Venn diagrams utilising the Venn 
Diagrams software from http://bioinformatics.psb.ugent.be.  
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3.3. Results  
3.3.1. The profiling of P. nodorum in vitro SMs  
Chromatograms from all culturing conditions were highly complex. As examples, Figure 
3.1 presents the chromatograms obtained from P. nodorum grown on V8-PDB, MM, 
CYB, YMG and Fries under dark conditions, while Figure 3.2 shows chromatograms 
from the mycelial extracts of those same cultures. 
 
 
 
Figure 3.1. LC-MS chromatograms from media extracts of P. nodorum cultures.  
A: V8-PDB; B: MM; C: CYB; D: YMG; E: Fries. The identity of the most abundant 
peaks is presented. 
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Figure 3.2. LC-MS chromatograms from mycelia extracts of P. nodorum cultures.  
A: V8-PDB; B: MM; C: CYB; D: YMG; E: Fries. The identity or mass per charge ratio 
(m/z) is presented for the most abundant peaks. 
 
Figure 3.3 shows the chromatographic data from the extracts of P. nodorum V8-PDA 
cultures on dark conditions at three different stages of analysis. The top chromatogram is 
the total ion chromatogram: in the second one the spectrometric data is used to detect all 
“molecular features” in the sample. Those features are sets of mass spectrometry signals 
that may correspond to single compounds (such as the molecular ion plus the detected 
adducts) but without having the certainty they are full molecules, fragments or artefacts, 
they will remain to be called features. In the third chromatogram, all features 
corresponding to the V8-PDA are removed, remaining just those P. nodorum associated 
features. It is clear how the complexity of the data is reduced along the process; however 
most chromatograms contain more than 100 features and the final number of features 
range thousands. Table 3.3 summarises the number of features obtained from each media 
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164.107 m/z 
A
b
u
n
d
an
ce
 
 65 
 
and how many were a product of P. nodorum. Chromatograms from the control extracts 
of CYB and YMG media showed more than 1000 features and consequently the extracts 
from inoculated media were equally abundant in features. To make those extracts more 
manageable, the processing parameters were set to analyse the 250 most abundant 
features. 
 
 
 
 
 
Figure 3.3. Three stages of analysis of the LC-MS chromatograms from P. nodorum V8-
PDA cultures under dark conditions. Top: total ion chromatogram; middle: signals 
grouped on individual features; bottom: P. nodorum associated features after filtering 
those features corresponding to the media. 
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Table 3.3. Number of features detected for each of the different extracts. 
 
Substrate Illumination 
Extract 
source 
Detected 
features 
Total SN15 
V8-PDB 
dark 
control 144 - 
medium 224 167 
mycelium 168 136 
light 
control 172 - 
medium 236 194 
mycelium 183 152 
MM 
dark 
control 183 - 
medium 144 111 
mycelium 168 151 
light 
control 152 - 
medium 195 159 
mycelium 222 207 
CYB 
dark 
control 1094* - 
medium * 240 
mycelium * 202 
light 
control 1100* - 
medium * 233 
mycelium * 237 
YMG 
dark 
control 1106* - 
medium * 219 
mycelium * 232 
light 
control 1435* - 
medium * 211 
mycelium * 223 
fries 
dark 
control 188 - 
medium 189 110 
mycelium 129 102 
light 
control 206 - 
medium 212 133 
mycelium 80 58 
V8-PDA 
dark 
control 170 - 
medium 114 40 
spores 61 21 
light 
control 174 - 
medium 154 62 
spores 74 27 
grain 
control 238 - 
inoculated  251 154 
*The number of analysed features was restricted to the 250 most 
abundant in each experiment. 
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In total, 2101 unique features across the full set of 25 experiments were detected. 
However, not all of these features correspond to SMs; several could be primary 
metabolites. Figure 3.4 plots the number of features in 10 minute windows along the 
chromatographic separation; it shows that most of these features are concentrated in the 
central part of the chromatograms which corresponds to mid-range polarity compounds 
which are the hallmark of secondary metabolism. Figure 3.5 groups the features by 
frequency, this is the number of culturing conditions in which a particular feature was 
detected; for instance, if a feature was detected in two different conditions, it has a 
frequency of two. Of all features, 62% appear in just one treatment, 21% have a frequency 
of two, 7% are present in three treatments and another 7% have a frequency of four. No 
feature was detected in all treatments; the maximum frequency, showed by just three 
features, was 15. 
 
 
 
Figure 3.4. Distribution of unique SN15 associated features by their retention time. 
Unique features were counted in 10-minute windows along the chromatographic 
separation. 
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Figure 3.5. Frequency of SN15 associated features among the 25 different extracts. 
Numbers above the bars show the number of features 
 
Most of the high frequency features seem to have a medium polar character as they are 
more abundant in the central area of the chromatograms (Figure 3.6 A). When comparing 
the frequency of the features with respect to their masses it was found that most of the 
features correspond to low molecular weight molecules, predominantly under 300 (Figure 
3.6 B).  
While building the library a problem was encountered: the acquired spectra in the 
chromatograms were not being recognised by the spectral library, even though manual 
comparison showed great similarity. The problem was the incorporation of noisy spectra 
into the database. Figure 3.7 shows two spectra corresponding to the putative N-
methoxyseptorinol, the upper spectrum is the acquired spectrum initially incorporated 
into the library and the bottom one is the library spectra after filtering those ions with 
abundances lower than 10% of the base peak (the highest peak in the spectrum). In this 
case, from a total of 48 signals, 37 were removed. The library search engine used by the 
mass hunter program applies a threshold filter to the acquired spectra in order to reduce 
false negatives due to noisy mass spectra. However, that threshold is not applied to the 
spectra from the library. The signal disparity between both spectra prevented the 
recognition of the features in the chromatograms. To avoid this, all signals with 
abundance below 10% of the base peak were deleted from each of the spectra in the 
library. Furthermore, entries in the database were manually reviewed to increase the 
threshold in case of a particularly noisy spectrum.  
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Figure 3.6.  Frequency distribution of SN15 associated features by retention time (A) and 
by feature mass (B).  
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Figure 3.7. N-methoxyseptorinol spectrum before and after noise filtering. Top: acquired 
spectrum containing 48 signals. Bottom: spectra displaying 13 signals after filtering 
signals under 10% of the base peak abundance.  
 
3.3.2. Detection of known P. nodorum SMs 
The previously reported P. nodorum SMs were searched for among the detected features. 
The exact masses for mellein, O-methyl-mellein, two hydroxy-melleins, alternariol, 
septorine, N-methoxy-septorine, and N-metghoxy septorinol were found (Table 3.4). 
From the collected data it is not possible to discern among hydroxyl-mellein isomers; 
consequently they were labelled as hydroxy-mellein A and B based on their retention 
time. The collision energy used to analyse alternariol was not enough to produce a 
fragmentation spectrum. 
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Table 3.4.  Previously reported P. nodorum SMs found among the detected features. 
 
Compound 
Exact mass 
RT 
(min) 
Positive MS2  
[collision energy (mV)] 
(parent ion in bold) 
acquired calculated 
Mellein 178.0634 178.0630 33.04 
[15.4] 179.069 (16), 161.059 
(100), 151.074 (7), 133.064(78), 
115.027 (5), 105.069(28) 
O-methyl mellein 192.0779 192.0786 28.74 
[15.8] 193.084 (9), 175.074 
(100), 147.079 (46), 132.055 (5), 
91.053(12) 
Hydroxy-mellein A 194.0579 194.0579 24.83 
[15.9] 195.065 (0), 177.056 (66), 
149.060 (100), 131.040 (11), 
121.065 (10), 103.054 (17) 
Hydroxy-mellein B 194.0573 194.0579 26.98 
[15.9] 195.065 (0), 177.056 (15), 
149.060 (100), 131.040 (6), 
121.065 (8), 103.054 (13) 
Alternariol 258.0528 258.0528 31.97 [17.8] no fragmentation  
Septorine 302.1270 302.1267 34.68 
[19.1] 303.134 (0), 209.090 (90), 
181. 095 (8), 153.101 (10), 
151.086 (100) 
N-methoxy septorine 332.1369 332.1372 33.79 
[20] 333.144 (0), 289.155 (8), 
277.082 (13), 273.120 (9), 
245.054 (96), 195.105 (5), 
183.040 (51), 151.012 (100), 
125.035 (6), 121.027 (8) 
N-methoxy septorinol 334.1531 334.1529 32.42 
[20.1] 335.162 (0), 304.141 (17), 
275.133 (83), 260.118 (6), 
232.122 (9), 231.078 (12), 
203.081 (6), 191.080 (8), 
183.111 (100), 182.104 (12), 
181.096 (29), 181.059 (9), 
176.039(6), 154.073 (16), 
140.057 (17), 137.056 (13), 
123.045 (19), 121.028 (16), 
107.048(15), 105.033 (7) 
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3.4. Discussion 
After subtracting all the features found in the controls from the actual samples and 
compiling all the data from chromatographic peaks present only in the SN15 inoculated 
cultures but not in the controls, the database of P. nodorum associated features contained 
2101 entries. This is an unrealistic number of secondary metabolites if the number of 
biosynthetic genes is taken in account, but this inflated number can be explained and the 
usefulness of the library remains. In this section the landscaping of the in vitro features 
will be analysed first followed by a discussion to understand why such a large feature 
library was obtained. Finally a comparison between this work and other reports on SM 
profiling in filamentous fungi will be presented. 
3.4.1. Main characteristics of P. nodorum in vitro chromatographic landscape 
3.4.1.1. Different media different features 
EtOAc extraction recovers mostly medium polar compounds but also polar and non-polar 
compounds are extracted. As a result the chromatograms obtained were densely populated 
with most of the detected features in the central part Figures 3.1 and 3.2. It is in this 
central area where the most frequent features are found. However, it is the high number 
of features that were detected only in one condition (frequency of one) that highlights the 
impact of the external environment on small molecule production. 
Microorganisms are known to adapt their metabolism to the environment. The proportion 
of nutrients and the presence of some media constituents may act as chemical cues that 
exert particular metabolic responses. In Figure 3.8 a Venn diagram shows the distribution 
of features between the five liquid media. Each culturing broth produces mainly unique 
features; however other features are shared. Interestingly, extracts from P. nodorum 
cultures in V8 PDA and MM share a high number of features as do the extracts from CYB 
and YMG cultures (92 and 134 respectively) compared to the features shared between 
other pairs. In contrast, growth on Fries media generated less shared features with other 
media. Detected in all five liquid media were 8 P. nodorum features, each of which were 
in low abundance except for two, Mellein and O-methyl mellein. Mellein has been 
isolated from many different fungi and has been showed to have diverse biological 
activities, nonetheless it has not been clearly linked to an ecological role (Burton, 1950, 
Bethenod et al., 1982b, Dai et al., 2001, Ramírez-Suero et al., 2014, Abou-Mansour et 
al., 2015). 
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Figure 3.8. Distribution of unique SN15 associated features among cultures from all five 
liquid media used in this work.  
 
3.4.1.2. Media vs mycelia and Light vs dark: a myriad of differences 
The large number of unique features detected in each experiment confirms that each 
condition produces distinctive SN15 associated features. Figure 3.9 presents two Venn 
diagrams, showing the distribution of features between light and dark treatments and 
media and mycelia extractions. Experiments from the V8-PDA plates and the SN15 
spores were related neither to the media nor to the mycelia, remaining categorised just as 
light or dark treatments. Figure 3.9 A represents all features while Figure 3.9 B shows 
just the features detected in two or more treatments. The unique features seem to be 
evenly distributed among dark mycelia, dark media, light mycelia and light media 
interceptions with an increased proportion in the light media. While mycelia may be 
protecting the metabolites on it from decomposition, those substances dissolved within 
the media may experience light decomposition accounting for the proportionally higher 
number of features detected on the light media.  The fact that these numbers are 
considerably reduced when analysing just those features with frequencies equal or higher 
than 2, suggest that they are media dependant features (Figure 3.7 A and B), most likely 
components from the media that have been modified by the fungus (either catabolised or 
anabolised).  Among the features detected in more than one treatment, it is clear that a 
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few of them are light or dark induced compared to the number of compounds found in 
both conditions. In contrast 28% and 31% of all features 
http://pubs.rsc.org/en/content/articlehtml/2008/ob/b804701dare unique to mycelia or 
media respectively.  
  
 
Figure 3.9. Distribution of unique SN15 associated features among light and dark 
conditions and media and mycelia extractions.  
 
3.4.1.3. Mayor features in P. nodorum cultures 
Except CYB and YMG cultures, all other media present a few outstanding peaks. Major 
peaks may be interesting since their high abundance may infer a link to an important 
biological role. Practically, it also makes the compound relatively easy to isolate. 
Unfortunately, the number of outstanding peaks among P. nodorum fermentations was 
quite low with the vast majority of detected features embedded in a broad background 
profile which would make its possible isolation difficult. Three highly abundant peaks 
were observed upon growth on Fries media: mellein, O-methyl mellein and an 
unidentified compound with a mass of 218.167 and a RT of 41.71 min. Using the 
molecular formula calculator from the Mass Hunter software, which uses the 
experimental exact mass of the feature to calculate the different possible formulas and the 
isotopic distribution of the feature molecular ion to discriminate the best matches; 
C15H22O was proposed as its molecular formula. Due to the 15 carbon atoms, this formula 
suggests the possibility of a sesquiterpene (In Chapter 5 the identity of this feature is 
proposed). O-methyl mellein was also found to be a major peak in V8-PDB, PDA and 
A| B| 
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MM fermentations, and can also be found in P. nodorum spores.  In addition to O-methyl 
mellein, V8-PDB and MM have a prominent feature at a RT of 27.16 with a mass of 
163.100. The exact mass of these features, which are also found in Fries and CYB 
cultures, indicates C10H13NO as the molecular formula. The presence of nitrogen suggests 
this feature may be an alkaloid, a nitrogen containing secondary metabolite. Additionally, 
considering the proportion of hydrogens to carbons, it is evident that this molecule has a 
high degree of unsaturation (rings and double and triple bonds); consequently, it is 
possible that this feature is a phenylpropanoic alkaloid. 
3.4.2. Possible factors leading to an “oversized” spectral library 
3.4.2.1. Retention time shifts multiply features 
Compounds can show RT shifts, and these can be caused by several reasons such as 
changes in mobile phase, chromatographic system, column and matrix. Unfortunately, all 
of them have contributed in minor or major RT shifts in the course of this work. Analyses 
were performed on separate days, meaning that subtle solvent changes are very likely to 
have impacted on chromatographic flow and elution. In addition, the maximum back 
pressure reached during the LC-MS runs was around 350 bar, which at times resulted in 
the bursting of the tubing, requiring its replacement resulting in changes to dead volume. 
In this situation, the slight changes in mobile phase and dead volume would have had a 
minimal contribution to the retention time shifts. Major effects were more likely caused 
by changes in the column and matrix. 
The stationary phase of a chromatographic column may change with time. Even though 
a C18 column may be end-capped, residual silanols will still be present. Those silanols 
are reactive sites and substances such as proteins, carbohydrates, or other small molecules 
present on the sample may bind to them (Mönach & Dehnen, 1978, Nawrocki & 
Buszewski, 1988). The complex mixtures analysed in this chapter are likely to build up 
impurities in the stationary phase. Accumulation of these substances changes the 
composition of the column and thus its selectivity. In addition to this “permanent” 
element incorporated into the column, each of the extracts performed in different media 
will have a different matrix defined as all the elements present in the sample other than 
the analyte of interest. The chromatographic separation relies on the interaction of the 
analyte with the stationary and mobile phases. However, the analytes may interact with 
other components on the sample causing a detrimental effect in the sample known as 
“matrix effect” (Guilbault & Hjelm, 1989, Trufelli et al., 2011). Normally the matrix 
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effect refers to the change in detected abundance due to ion suppression. However RT 
shifts could also be an outcome of this effect. 
A change in the RT may cause a mismatch when using databases. Arguably a MSMS 
library can resolve this by ignoring the RT and comparing only the acquired 
fragmentation spectra with the one in the library. Nonetheless, structurally very similar 
compounds will have a very similar MS spectra. Considering a priori that two features in 
separate samples having different RT but a spectrum alike are the same compound that 
has been affected by all the afore mentioned reasons may lead to underrate the diversity 
of SMs of P. nodorum. On the contrary, considering them as two different compounds 
may lead to an overestimated number of features. In this work we decided to use 30 s as 
a maximum RT difference to consider that two peaks in different samples were the same 
compound when the spectra were almost identical and 15 s when there was a high spectral 
similarity. Taking into account the five different liquid media under dark and light 
conditions, V8-PDA plates, the spore extraction and the sterilised grain cultures were 
employed, it can be inferred that the library would have multiplied features.  
3.4.2.2. In source fragmentation, primary metabolites and “metabolic 
artefacts” as features 
Although ESI is a soft ionization technique, some fragmentation still occurs. Source 
configuration can reduce the fragmentation of a particular compound, in complex 
mixtures of unknown compounds, however it is impossible to establish conditions that 
prevent the fragmentation of all the constituents. As a result, the presence of “co-eluting” 
peaks can be observed. Due to the high-throughput nature of the analyses, these features 
corresponding to the same compound were overlooked and incorporated into the 
database.  
Other groups of features that were overlooked and incorporated into the SMs LC-MS2 
library are the medium polarity to non-polar primary metabolites from P. nodorum plus 
some “metabolic artefacts” from the media.  What I am here calling a metabolic artefact 
is a media component that has been modified by the metabolic machinery of the fungus. 
Fungi release an array of enzymes that metabolise substances in their surroundings either 
to detoxify or to free useful metabolites that are recovered by the microorganism (Hung 
et al., 2015a). The process of extraction recovers the products of these extracellular 
enzymes and thus, the feature corresponding to them exaggerates the number of entries 
in the spectral library. 
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The purpose of the spectral library of unidentified SMs from P. nodorum is to allow the 
recognition of metabolites produced by this fungus in biologically heterogeneous 
samples. Being able to recognize the presence of P. nodorum SMs and link these to an in 
vitro condition would allow the further isolation and identification of the metabolite. 
Since the exaggerated size of the library does not limit the functionality, no further work 
was done to reduce the number of entries prior to its use (Chapter 4). 
3.4.3. P. nodorum SM profiling compared to other studies in fungi 
Fungal metabolic profiling studies are not rare in the literature. However, these studies 
are manly focused on the use of analytical methods for chemotaxonomic purposes; this is 
to use the relative narrow phylogenetic distribution of SMs to taxonomically classify the 
producer organisms (Frisvad et al., 2008). Most of these studies use Penicillium sp. and 
Alternaria sp. which are deeply studied organisms from a SM perspective. The use of 
direct infusion (without chromatographic separation) of crude fungal extracts on ESI-MS 
has been successfully applied to characterise several Penicillium sp. and the 
chemotaxonomy is congruent with the known taxonomical classification of those 
organisms (Smedsgaard & Frisvad, 1996). Since ESI cause minimal to no ionization, the 
signals in the obtained mass spectra should correspond to individual metabolites in the 
same manner as the chromatographic peaks in this chapter correspond to individual 
features. The direct infusion into the ESI-MS of Penicillium extracts yields between 100 
and 600 signals (Smedsgaard et al., 2004). The number of features obtained in this chapter 
when analysing P. nodorum extracts falls in these range; however no substantial 
comparison can be performed due to the difference in organisms and culturing conditions. 
Direct infusion has the advantage of a highly reduced analysis time since no 
chromatographic separation is required. The mass spectra (metabolic profiles) in that 
studied were compiled in a library where each spectrum corresponded to a particular 
species. In the case of this thesis, the spectral library is required for the identification of 
individual compounds (features) and a direct infusion technique is not suitable.  
SM profiling using hyphenated techniques such as LC-MS on Penicillium sp. and 
Alternaria sp. has been presented as an excellent method for the identification of SMs 
(Larsen et al., 2005, Frisvad et al., 2007, Greco et al., 2015). However, it is important to 
state that the identification SMs by these techniques is generally restricted to known 
compounds, such in the case of this chapter where most of the previously reported P. 
nodorum SMs were identified in the different conditions. Here lies the strength and also 
the weakness of mass based hyphenated techniques. SM profiling has been proposed as a 
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method for SM discovery because LC-MS and GC-MS are excellent techniques to de-
replicate, this is to identify previously known metabolites in early stages of an 
investigation and thus direct the attention to potentially new substances (El-Elimat et al., 
2013). However, the identification power of these techniques resides on the robustness of 
the available databases (Nielsen & Larsen, 2015).   In these sense, working with model 
organisms to study SM such as Penicillium sp. and Alternaria sp. will be different to work 
with non-characterised SM systems such as P. nodorum.  
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3.5. Conclusions 
The P. nodorum genome has a high potential to produce and array of diverse SMs. In this 
chapter we have demonstrated the organism’s vast capacity to produce in vitro complex 
metabolic mixtures that reflect such potential. The analysis of highly populated 
chromatograms suggests that most of the detected components of these mixtures are 
medium polarity low molecular weight molecules. As expected, the chromatographic 
profiles changed when culture media composition and lighting conditions were altered. 
Likewise, profile differences were found among the secreted (media) and non-secreted 
(mycelia) metabolites and when comparing liquid and solid media. The plasticity of P. 
nodorum chemotype reveals a metabolic battery that respond to the diverse requirements 
of the pathogen contributing to its adaptability. 
Among the analysed chemical profiles the more prominent features were the previously 
reported bioactive SMs: the mellein and its derivatives; O-methyl mellein being the most 
frequently isolated and most abundant SM within the diverse treatments. Furthermore, 
other previously reported P. nodorum SMs were detected, validating the protocols 
employed for extraction and analysis in this chapter. 
At the end of this experimental part, 2101 features were compiled in a database containing 
the exact mass, retention time and mass spectra of the features. Not all the entries in the 
library correspond to a SM, some are primary metabolites, decomposition products of 
media components and other metabolites, fragment ions produced at the ionisation source 
of the mass spectrometer, and duplicated features due to retention time shifts. Despite the 
inflated number of entries in this spectral library, the database should still be functional 
to recognise those P. nodorum associated features from mixed organism sources such as 
wheat infected with P. nodorum (see next chapter). 
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4. Hunting for ecologically relevant secondary metabolites 
 
4.1. Background 
4.1.1. The natural roles of secondary metabolites. 
Different secondary metabolites (SMs) in fungi can play different roles  but, despite the 
fact that most of them have shown biological activities in vitro, their in vivo roles are 
often unknown (Yu & Keller, 2005). However, regardless of the function of these 
substances, it is very likely that evolutionary pressure has resulted in SMs being positively 
selected for due to an ecological adaptative advantage conferred to the producer organism 
(Vining, 1990, Fox & Howlett, 2008).  
The common approach to study SMs has a reductionist perspective1. This approach has 
led to significant advances in identifying novel applications for these molecules based on 
their exhibited biological activities. As the high number of SM-derived commercial 
products indicate, in contrast with the fewer examples obtained from pure combinatorial 
chemistry approaches, SMs have a leading role in drug and agrochemical discovery 
(Pillmoor et al., 1993, Harvey, 2008). However, since most of the information that can 
be gathered about SMs bioactivity relates to effects that are not necessarily ecologically 
relevant to the producer organism, a more holistic2 approach is required to understand 
their role from an ecological perspective (O’Brien & Wright, 2011).  
All authors seem to agree that the specific natural roles of microbial SMs are mostly 
unknown. However two recurrent aspects are mentioned: their involvement in antibiosis 
and pathogenicity and their roles mediating mutualistic interactions (Vining, 1990, Fox 
& Howlett, 2008, Reverberi et al., 2010, O’Brien & Wright, 2011, Spiteller, 2015). It 
may give the impression that SMs are mostly involved in causing detrimental effects on 
pest and pathogens. As such, it is often assumed that SMs are mainly involved in negative 
allelopathy: the cause of detrimental effects on the organisms that the producer may 
encounter. Although it is true that some SMs produced by an organism can kill or inhibit 
the growth of a competitor, Some SMs produce beneficial effects on neighbouring 
organisms. The possibility of toxic SMs to have a natural role in antibiosis is high, 
                                                            
1 Reductionist approaches consider that a complex system can be reduced to the sum of its parts and that the 
understanding of these individual parts leads to the understanding of the whole. 
2 Holism opposes reductionism in its premise that the interactions among the components of a complex system 
produce emerging properties. The emergence of these new properties make the whole greater than the sum of the 
parts. For more information about reductionism and holism in the context of biology see Fang, F. C. and Casadevall, 
A. (2011) Reductionistic and holistic science. Infect. Immun., 79, 1401-1404. 
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however there are several aspects that require caution when extrapolating this to all SMs 
exhibiting antibiotic properties. Bioactive substances do not always follow a linear dose-
response and the effects observed at very low doses can be opposite to the ones observed 
at higher concentrations; this is a generalised behaviour of drugs and toxic compounds 
known as hormesis (Calabrese & Blain, 2005). The active medical and agronomical high 
doses of natural drugs and agrochemicals may mask their effects at sub-inhibitory 
concentrations. For example, macrolide-lincosamide-streptogramin antibiotics, such as 
azithromycin and erythromycin which inhibit protein biosynthesis at the ribosomal level, 
modulate transcription patterns in bacteria at sub-inhibitory concentrations (Tsui et al., 
2004).  The transcriptional changes observed at low concentrations of many antibiotic 
compounds may indicate a role in intra and inter-specific microbial communication 
(Davies, 2006, Romero et al., 2011). Toxic SMs may play different roles in nature which 
cannot be defined just by their in vitro activity. Factors such as concentration, timing, 
location of SMs production and delivery may play a role in the ecological outcome 
(Kumbhar & Watve, 2013). In the end, despite their position in the broad spectrum 
ranging from toxic to beneficial substances, it is clear that a role of SMs in nature is to 
mediate interactions. 
In addition to their role as modulating interspecific interactions, SMs can be involved in 
intraspecific interactions, signalling different developmental processes such as sexual 
development, spore germination and sclerotia formation (Calvo & Cary, 2015, Calvo et 
al., 2002, Thines et al., 2004). Other roles SMs may play are as protectants against abiotic 
stress, such as free radical scavengers, UV protectants and mineral leaching agents 
(Neilands, 1995, Potterat, 1997, Gao & Garcia-Pichel, 2011). 
4.1.2. Cryptic fungal SMs 
As discussed in previous chapters, the availability of genomic data from many fungi has 
highlighted the potential of these organisms to produce a vast array of SMs, and unveiled 
the disparity between these potentially coded metabolites within the fungal genomes and 
the number of chemical structures isolated from these fungi. These molecules that are 
conspicuous by their absence are known as cryptic SMs.  
The production of SMs is costly for the producer organism and it is improbable that they 
are produced when not needed; the efficient expression of SMs seems to be achieved 
through complex regulation mechanisms (Brakhage, 2013). Thus, in order to find SMs 
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playing a particular ecological role, a logical approach is to study SMs in those specific 
situations. For instance, to investigate fungal SMs involved in plant-pathogen 
interactions, a plant infected with the pathogen should be studied. Although it sounds 
simple, it is not always possible due to technical limitations. In consequence, most studies 
use in vitro experiments and then extrapolate to in planta observations. 
4.1.3. Fungal interactions in planta 
Fungi interact with all types of organisms in different ways, ranging from mutualism to 
parasitism. A very important set of interactions of these heterotrophic organisms involves 
plants. From a set of around 60,000 fungal species described in 1991, and considering the 
proportion of fungi associated with plants, at that time it was extrapolated that the 
diversity of fungi could reach “conservatively” 1.5 million species (Hawksworth, 1991). 
More recently, studies have proposed up to 5.1 million species when considering the high 
proportion of un-culturable strains (O'Brien et al., 2005, Blackwell, 2011). 
There is evidence of the interaction of plants and fungi in the Palaeozoic that may indicate 
that the association among these two kingdoms promoted the colonisation of the earth by 
plants (Redecker et al., 2000). Millions of years of close contact have allowed plant and 
fungi to diversify their interactions and to develop specific machinery to prevent or 
promote them. The most notorious gild of plant-associated fungi is the phytopathogenic 
fungi due to their severe impact on the agricultural industry (Oerke, 2006).  
Although virtually no plant is free from fungal interactions, it remains unknown why 
some of these symbioses are mutualistic and why some others are pathogenic, plus the 
whole spectra of relationships in between (Delaye et al., 2013). There is a broad 
understanding of the plant immune system which helps to explain the how, but not the 
why, of the fungal-plant interactions. The immune system of plants lacks specialised cells 
to produce an immune response; instead it is based on the response of individual cells to 
the presence of the pathogen (Jones & Dangl, 2006). The surface of the plant cells have 
transmembrane proteins that recognise certain molecular patterns that are associated with 
the presence of a microorganism, known as PAMPs (pathogen-associated molecular 
pattern) or MAMPs (microbe-associated molecular pattern) and DAMPs (damage 
associated molecular pattern). MAMPs have an exogenous origin such as bacterial 
flagellin or fungal chitin while the source of DAMPs is the plant itself such as degradation 
products of cell walls. Upon the recognition of these patterns the plant will deploy a 
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defence response that may lead to pattern-triggered immunity (PTI) (Dodds & Rathjen, 
2010). However, host adapted organisms may suppress PTI by secreting virulence factors 
(known as effectors) causing effector-triggered susceptibility (ETS). In response to 
effectors, plants have evolved a second set of proteins that induce effector-triggered 
immunity (ETI) when the effectors are recognised either directly or indirectly (Chisholm 
et al., 2006). On the pathogen side more research is required to find a general model for 
the interaction; research tends to focus on the production of individual effectors and less 
attention is placed on the overall response network of the pathogens to their hosts. 
However it would seem that there is a common signalling framework for the 
morphogenetic changes during the infection process (Perez-Nadales et al., 2014). 
Independent of the possible costs or benefits of the interaction, plant and fungi antagonise; 
the outcome of the encounter between microbial virulence and the plant defence will 
define the type of interaction established under particular biotic or abiotic conditions.  In 
an endophytic interaction, a balance between virulence and defence exist. However, in a 
pathogenic interaction, virulence overcomes the immune response of the host (Schulz et 
al., 1999). It is important to mention that pathogenicity and endophytism are not fixed 
lifestyles and changes in environmental factors may affect this fine balance accounting 
for a shift in the plant-fungal interaction.  
In general, to study plant-pathogen interactions, the system is reduced to the parasite and 
the host only. However the interaction is more complex and interweaves the lifecycles of 
the main actors with those of other organisms. For example, foliar pathogens will 
encounter a myriad of phylosphere microorganisms, either naturally occurring epiphytes 
and endophytes or other competing pathogens, not to mention the interactions that can 
occur with macroscopic organisms (Whipps et al., 2008, Vorholt, 2012). A similar 
scenario is found when looking at the rhizosphere: besides the host plant, root pathogens 
encounter non-host plants, mycorhizas, soil fungi and bacteria, and other organisms 
(Singh et al., 2004, Morgan et al., 2005). Furthermore, plant-fungal interactions may be 
indirectly affected by the host responses to the biotic and abiotic environment. 
4.1.4. In planta P. nodorum interactions 
For P. nodorum, it has been observed that the presence of other fungi on the leaf surface 
reduces spore germination and germ tube elongation, while the in vitro colony interaction 
revealed hyphal interference (Dickinson & Skidmore, 1976, Skidmore & Dickinson, 
1976).  Although the mechanism of inhibition of P. nodorum on the leaf surface by fungal 
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competitors is not clear, a study of the effect of aphid honeydew on P. nodorum infection 
reinforces the hypothesis of a strong nutritional effect. It has been demonstrated that the 
application of aphid honeydew with P. nodorum inoculum increases the fungal infection 
up to five times. However, if the honeydew is applied 48h earlier, the epyphitic microbiota 
also increase and reduce the later infection of P. nodorum (Fokkema et al., 1983). When 
the honeydew is exchanged for a carbohydrate solution a similar effect is observed. This 
type of interaction mechanism is known as exploitative competition, where access to 
common resources such as nutrients and space, is limited by either physical blockage or 
by active depletion by the competitor. Other mechanisms involve a direct effect on the 
competitor by secreting substances that attract, deter, inhibit or kill other organisms (Little 
et al., 2008). The latter is known as interference competition and is the guideline for bio-
prospecting for active secondary metabolites (Gloer, 1995, Grayer & Kokubun, 2001, 
Strobel & Daisy, 2003, Varejão et al., 2013). 
Studying the microbial/fungal interspecific interactions and microbial/fungal competition 
among organisms sharing a host is not just a basic science problem. Microbial succession 
and direct competition is a factor within the dynamics of disease, and understanding it 
may lead to better management of crop diseases (Zhan & McDonald, 2013). In this 
chapter the involvement of P. nodorum SMs in fungus-fungus interactions and a fungus-
plant interaction were studied. As a competitor of P. nodorum, a second foliar wheat 
pathogen used was the dothidiomycete Zymoseptoria tritici, also known as 
Mycosphaerella graminicola or Septoria tritici. It is the causal agent of Septoria tritici 
Blotch (STB), one of the most important foliar wheat diseases within Europe, with 
calculated losses that rise above a billion dollars (Fones & Gurr, 2015). Z. tritici is a hemi-
biotrophic pathogen which has a long latent phase during infection  followed by a 
necrotrophic phase where it induces host cell death in order to provide nutrients (Orton et 
al., 2011).  
The co-occurrence of P. nodorum and Z. tritici has been reported before and its 
competition in planta has been tested. The outcome of this interaction seems to be isolate-
dependant, accounting for a higher spore production when a highly virulent Z. tritici is 
present, and lower spore production when non-aggressive strains are used (Nolan et al., 
1999, Fitt et al., 2006). However the contribution of SM to this interaction has not been 
investigated. After the discovery of P. nodorum’s proteinaceous effectors the 
involvement of P. nodorum SMs on the host infection and its interaction among other 
fungi has not been investigated. Thus, the aim of this experimental chapter is to evaluate 
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the production of P. nodorum SMs on the wheat infection and during the antagonism with 
Z. tritici in order to infer the possible SM role in the fungus-plant and fungus-fungus 
interaction. For this, in vitro antagonism between P. nodorum and Z. tritici and “semi” in 
planta interaction assays using a detached leaf assay (DLA) were analysed using LC-MS2 
and the spectral library of P. nodorum-associated features produced in Chapter 3. 
Additionally, those SMs produced by P. nodorum that are also produced in vitro were 
searched with the purpose of isolating and identifying them. 
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4.2. Methods 
4.2.1. In vitro Direct antagonism 
50 ml of PDB was sterilised 125 ml Erlenmeyer flasks. 30 flasks were inoculated with 
1x106 spores of Z. tritici while 15 remained un-inoculated. Sterile cotton stoppers were 
used to close the flasks prior to incubation on an orbital shaker at 170 rpm and 22 ⁰C 
under a 12/12 h light/dark regime. 24 h after the inoculation, 1x106 of wild type P. 
nodorum (SN15) spores were added to the 15 un-inoculated flasks and 15 of the Z. tritici 
inoculated ones. Incubation was reassumed for all treatments. 
Every two days after P. nodorum inoculation, three flasks from each treatment were 
removed from the orbital shaker. Mycelia were collected as described in section 2.3.1 
prior to being lyophilised. After measuring and recording the dry weight of the produced 
biomass, DNA was extracted and quantified whilst media and mycelia were subjected to 
organic extractions as previously described. 
Three subsequent experiments were performed collecting samples only at 11 days of 
interaction. One experiment inoculated both fungi at the same time, another inoculated 
SN15 24 h before Z. tritici, and a third using a P. nodorum mutant (ΔSN477) lacking the 
backbone enzyme responsible for the production of mellein and its derivatives to evaluate 
the effect of these SMs during interaction (Chooi et al., 2015a). 
4.2.2. Primer design 
qPCR primers to quantify the amount of P. nodorum and Z. tritici in the co-cultures were 
designed to target single copy semi-conserved genes that were selected using FunyBASE 
(http://genome.jouy.inra.fr/funybase). The selected genes were aligned to find 
heterologous regions between the two microorganisms and the primers designed as 
described in section 2.6.3.1. Table 4.1 lists the genes and primers used to optimise the 
quantitative real time polymerase chain reaction (qRT-PCR). The selected primers are 
showed in bold.  
4.2.3. qRT-PCR optimization 
To select the appropriate qRT-PCR conditions, genomic DNA from the target fungus was 
used as a positive control and DNA from the antagonist organism as a negative control. 
The primer pairs were tested using four different individual primer concentrations. The 
final method is presented in table 4.2. For further details on the qRT-PCR instrument and 
software see section 2.6.3.3. 
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Table 4.1. Primers designed to quantify P. nodorum and Z. tritici in mixed cultures. 
Names in bold indicate the selected genes and primers.   
Organism Gene (primer name) Forward primer Reverse primer 
P. nodorum 
SNOG_13798 
(Pn1_qPCR) 
cggacgtactagtcgaggga aaagcggctggtgtaggatg 
Z. titici 
MYCGRDRAFT_108491 
(Zt1_qPCR) 
cgacggtctgagtgttctga caagccacctttgtccctct 
P. nodorum 
SNOG_03762.3 
(Pn2_qPCR) 
tgctcatcgctggtatggacg ccagtggctaacgacggtgatg 
Z. titici 
MYCGRDRAFT_74168 
(Zt2_qPCR) 
cggcacatacaactcctcct atgactgaggttcccgtgac 
P. nodorum 
SNOG_07668.3 
(Pn3_qPCR) 
tcaacggatcttcgagcagc caagagcctgttttagggcg 
Z. titici 
MYCGRDRAFT_53507 
(Zt3_qPCR) 
ggagaacgtggaaagcaaggaa aagccagaggggattaccagtca 
 
 
Table 4.2. Optimised qRT-PCR conditions to quantify P. nodorum and Z. tritici in mixed 
cultures.   
Primers 
For S. nodorum Pn2_qPCR 
For Z. trittici Zt3_qPCR 
Volumes and concentrations 
Total volume per well  10uL 
Fast SYBR Green Master Mix (2X)  5uL per well 
Primer concentration each (100 µM stock)  100 nM 
DNA template  50-100 pg per well 
Water As needed 
Reaction 
Activation  95oC 20sec 
Denaturing   95oC 1sec 
Annealing and extension   62oC 20sec 
Total length 40 cycles 
Melting curve analysis performed after qRT-PCR completion  
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4.2.4. In vitro indirect antagonism 
4.2.4.1. Experiments measuring the effect of SMs on biomass production 
Organic extracts were obtained from the media of 10 day old axenic cultures of P. 
nodorum and Z. tritici in Fries liquid media and in PDB following section 3.3.2. The 
obtained extracts were resuspended in 75% MeOH in water and filtrated using a Cellulose 
Acetate 0.2 μm Ministart® syringe filter (Satorius AG). The sterile methanolic solutions 
from PDB extracts were reconstituted in PDB using the double of media volume required 
to obtain the extract, whilst those obtained from Fries were reconstituted in Fries media 
Three Erlenmeyer flasks were prepared containing PDB plus Z. tritici extract, three 
containing PDB plus P. nodorum extract, and, as a control media, six flasks containing 
PDB spiked with the equivalent volume of 75% methanolic solution used to prepare the 
fungal extract media. The media with P. nodorum extract and three control media flasks 
were inoculated with 1x106 spores of Z. tritici while the remaining flasks were inoculated 
with 1x106 spores of P. nodorum. Incubation was done on an orbital shaker at 170 rpm 
and 22 ⁰C under a 12/12 h light/dark regime. The same procedure was performed with 
Fries media. Half of the flasks from each treatment were incubated for 5 days and the 
remaining cultures were left until the 11th day. Mycelia were collected as described in 
section 2.3.1 prior to being lyophilised and dry biomass measured.  
4.2.4.2. Experiments to evaluate P. nodorum spore germination 
From three Erlenmeyer flasks containing 50 ml of PDA, one was kept as a control and 
the other two were inoculated with 1x106 spores of Z. tritici and incubated on an orbital 
shaker at 170 rpm at 22 ⁰C under a 12/12 h light/dark regime. 24 h later, one of the flasks 
with Z. tritici was inoculated with 1x106 spores of P. nodorum and the incubation 
reassumed. 24 h after the second inoculation; the pH of the media was measured and 
recorded prior to filtratation through a 0.2 μm cellulose acetate Ministart® syringe filter 
(Satorius AG). 
1 ml of the filter sterilised media was placed in sterile 2 mL microcentrifuge tubes and 
1x106 P. nodorum spores were added. Four hours later the spores were observed under 
the microscope (Leica DM 5500B) and the proportion of spores that produced a germ 
tube versus the ones that did not germinate were recorded. 
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4.2.5. Semi-in planta interactions 
P. nodorum and Z. tritici spores were obtained previously described. Three spore 
solutions were prepared, one for each fungus containing 1x106 spores/ml and 0.02 % 
tween 20 plus a third mixed solution containing 5x105 spores/ml of each microorganism. 
These spore solutions, as well as 0.02% Tween 20-only controls, were used as inocula for 
detached leaf assays. One week after the inoculation the leaves from each treatment were 
collected and frozen immediately in liquid nitrogen. Samples were lyophilised and DNA 
was extracted from 50 mg of each treatment. The remaining leaves were macerated 
overnight in 5 ml of ethylacetate and then vacuum filtrated using a Kitasato flask and a 
Hirsch funnel. The filtrate was concentrated in a rotatory evaporator (Rotavapor, Buchi) 
and the process repeated three times. At the end, all extracts from the same source were 
combined together and filtrated through a 0.22 μm PTFE syringe filter (Kinesis Australia 
Pty Ltd). 
4.2.6. LC-MS2 analyses 
Using the extracts obtained from the in vitro and “semi” in planta interaction assays, LC-
MS runs were performed as described in section 3.2.3. Analysis of the resulting 
chromatograms was performed applying the molecular feature extractor algorithm of the 
Agilent Mass Hunter Workstation Qualitative Analysis B.04.00 software. The detected 
features were then matched against the spectral library created in chapter 3. 
The results were exported as a CEF file to the Agilent Mass Hunter Mass Profiler Pro 
(MPP) B.04.00, chromatograms were aligned and the aligned features were then exported 
to a spreadsheet for manual analysis. 
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4.3. Results 
4.3.1. In vitro P. nodorum-Z. tritici interaction 
The results of the in vitro growth of the axenic cultures and the mix of P. nodorum and 
Z. tritici are presented in figure 4.1. The solid lines in the graph show the growing curve 
of the three cultures expressed as the change in total dry biomass along time. To 
differentiate the amounts of each fungus in the mixed cultures, qRT-PCR was used as 
described above (full results in Appendix II). The qRT-PCR data revealed that from the 
early stages of the interaction, the growth of P. nodorum was almost completely 
suppressed when cultured in media inoculated with Z. tritici 24 h earlier.  
 
 
Figure 4.1. Time course of the antagonism between P. nodorum and Z. tritici. X axis 
represent the days since the inoculation of Z. tritici (P. nodorum was inoculated a day 
later). Y axis represent the total fungal dry biomass measured for each culture. The solid 
lines show the direct measurement of fungal growth and the error bars show the standard 
deviation among the three replicates. The dotted lines represent the calculated proportions 
of P. nodorum and Z. tritici during the co-cultures, using qRT-PCR data (Appendix II). 
 
 
Figure 4.2 shows the appearance of liquid cultures of P. nodorum, Z. tritici and the mix 
of both when Z. tritici is inoculated 24 hours after P. nodorum; pure cultures of P. 
nodorum are characterised by darker colour of the media with higher viscosity and higher 
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biomass formed by whitish gelatinous mycelia that tends to produce a ring in the flask at 
the level of the media; Z. tritici cultures are characterized by a lighter media and a 
comparatively less abundant biomass of pink colour. Co-cultures of both fungi range 
between these two characteristics. Since the results obtained by qRT-PCR correlate to the 
physical appearance of the cultures, mainly with biomass production, making clear that 
Z. tritici supress P. nodorum growth in vitro, further assessment of the outcome of in vitro 
interactions relied just in the physical appearance plus biomass measurements and were 
not followed by qRT-PCR.  
 
 
 
 
Figure 4.2. Appearance of P. nodorum, Z. tritici and mixed cultures. Flask in the upper 
part of the image show the appearance of the fungal cultures 11 days after the first 
inoculation. Tubes in the bottom part show the appearance of media and pelleted biomass 
after centrifugation of the cultures in the flasks. In both cases the cultures from left to 
right correspond to P. nodorum, a co-culture where Z. tritici was inoculated 24h after P. 
nodorum and Z. tritici. 
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Picture 4.3 shows the effect on biomass production of co-inoculating P. nodorum and Z. 
tritici at the same time compared to the 24 h advantage given to Z. tritici in the previous 
experiment. Interestingly, if no time advantage is given to Z. titici, and both fungi are 
inoculated at the same time, the physical appearance of the cultures showed that P. 
nodorum, rather than Z. tritic, dominates the interaction as can be inferred from the 
obtained biomass in each treatment.  
 
Figure 4.3 Effect of the difference on inoculation time on the P. nodorum-Z. tritici 
antagonism. In the X axis the different treatments are shown: single strain cultures of Z. 
tritici (ZT), P. nodorum wild type (SN15) and their co cultures with P. nodorum either 
inoculated at the same time or 24 h later. Y axis represents the total fungal dry biomass 
measured for each culture. The error bars show the standard deviation among the 
replicates.  
 
4.3.1.1. Assessing the role of the melleins on the in vitro antagonism 
P. nodorum dominance when both fungi are co-inoculated at the same time allowed the 
question of whether P. nodorum SMs may be linked to the different outcome between the 
simultaneously co-inoculated antagonism assays and those where Z. tritici was inoculated 
24 hours before P. nodorum. To assess their impact of the most abundant secondary 
metabolites produced by P. nodorum in vitro, the melleins (mellein, O-methylmellein, 
and the hydroxylmelleins [see section 3.1.1]), the antagonism between Z. tritici and P. 
nodorum ΔSN477, a strain lacking the biosynthetic capacity to produce mellein-derived 
compounds, was evaluated (Chooi et al., 2015a). Figure 4.4 shows the total biomass 
production of single cultures of Z. tritici, SN15 and ΔSN477 plus their co-cultures, both, 
simultaneous and P. nodorum delayed inoculation. The mutant does not cause any 
observed effect on the total biomass produced by any treatment and the co-cultures of P. 
nodorum ΔSN477 with Z. tritici did not show any physical difference to those of the wild 
type strains, therefore mellein and its derivatives does not affect the P. nodorum-Z. tritici 
antagonism outcome.  
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Figure 4.4.  Effect of mellein derivatives on the antagonism between P. nodorum and Z. 
tritici. In the X axis the different treatments are shown: single strain cultures of Z. tritici 
(ZT), P. nodorum wild type (SN15) and P. nodorum ΔSN477 (MelKO), plus their co 
cultures with P. nodorum either inoculated at the same time or 24 h later. Y axis 
represents the total fungal dry biomass measured for each culture. The error bars show 
the standard deviation among the replicates.  
 
4.3.1.2. Assessing the role of other compounds on the in vitro antagonism 
As melleins played no role on the domination of P. nodorum over Z. tritici when 
simultaneously co-inoculated, the contribution of other diffusible substances to the 
antagonism among both organisms was evaluated using indirect antagonism bioassays. 
An indirect antagonism assay tests the effect of possible “interactors”, such as SMs, over 
the antagonised organism in the absence of the “interactor” producer organism.  PDB and 
Fries media were used to assay the indirect antagonism between P. nodorum and Z. tritici 
because the former is a standard media to work with plant-associated microorganisms and 
Fries induces the production of P. nodorum proteinaceous and small molecule toxins. 
“Interactors” from both fungi were obtained as organic extracts of 10 dpi axenic PDB and 
Fries cultures. Figure 4.5 shows the effect on P. nodorum and Z. tritici growth at 5 and 
11 dpi caused by the supplementation of “interactors” of the corresponding antagonist. P. 
nodorum biomass production showed no significant differences between cultures grown 
on control PDB and control Fries (SN15 P0 and SN15 F0 respectively) versus media 
containing Z. tritici extract (SN15 P+ and SN15 F+). Similarly, the effect of P. nodorum 
PDB extract over Z. tritici growth was negligible (ZT P0 vs ZT P+). A slight, but not 
statistically significant, promotion of Z. tritici growth was apparent in the presence of P. 
nodorum Fries extract (ZT F0 vs ZT F+) at 11 days post inoculation. 
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Figure 4.5. Effect of the antagonist extracts over the growth of P. nodorum and Z. tritici. 
The X axis describes the different treatments: P. nodorum (SN15) on simple PDB [SN15 
P0]; SN15 on PDB enriched with extract from Z. tritici (ZT) grown on simple PDA [SN15 
P+]; SN15 grown on simple Fries media [SN15 F0]; SN15 grown on Fries enriched with 
extract from ZT grown on simple Fries [SN15 F+]; ZT on simple PDB [Zt P0]; ZT on 
PDB enriched with extract from SN15 grown on simple PDA [Zt P+]; ZT grown on 
simple Fries media [Zt F0]; ZT grown on Fries enriched with extract from SN15 grown 
on simple Fries [Zt F+]. Y axis represents the total fungal dry biomass measured for each 
culture. The error bars show the standard deviation among the replicates. Statistical 
significance was evaluated using a T test but no significant differences were found. 
 
 
 
The effect of possible pH changes in the media and diffusible substances on P. nodorum 
spore germination was evaluated using filter sterilised media from 48 h Z. tritici cultures, 
either axenic or after 24 h of interaction with P. nodorum. Neither Z. tritici alone nor both 
microorganisms together changed the pH of the media (Figure 4.6A). Additionally, no 
significant difference was found in spore germination when P. nodorum spores were 
placed in the media filtrate of un-inoculated PDB, axenic Z. tritici cultures, or PDB co-
cultures of Z. tritici and P. nodorum (Figure 4.6B). 
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Figure 4.6. Evaluation of the effect over the P. nodorum germination of possible pH 
changes and diffusible substances in Z. tritici culture filtrates. A: pH of PDB (control), Z. 
tritici culture filtrate (ZT) and P. nodorum and Z. tritici mix culture filtrate (ZT+SN15). 
B: Spore germination, expressed as a percentage, after 12 h of being in PDB (control), Z. 
tritici culture filtrate (ZT) and the filtrate from P. nodorum and Z. tritici co-cultures 
(ZT+SN15). Statistical differences were evaluated using a single factor ANOVA 
(Analysis of Variance) test but no significant differences were found. 
 
4.3.2. SM profiling during in vitro and “semi” in planta interactions 
An attempt to evaluate the interaction between P. nodorum and Z. tritici in planta was 
performed using DLAs but no quantitative results were obtained. In all cases P. nodorum 
was inoculated, either as a single inoculum or mixed with Z. tritici; comparable levels of 
symptom development in each treatment were macroscopically observed. However an 
underlying antagonism could be reflected by the chemical profiles of the different 
treatments. SMs from the DLAs were extracted and analysed to observe changes in the 
chromatographic profiles during interaction. Extracts from the liquid cultures were also 
analysed since SMs expressed in response to the physical presence of the antagonist may 
play a role on the interaction despite that no effect on the outcome of the in vitro 
antagonism between the two microorganisms could be attributed to the melleins or the 
compounds extracted from axenic cultures.  
Table 4.3 shows the number of LC-MS2 features found in the in vitro and in planta 
interaction experiments and the number of these features matching those in the P. 
nodorum SMs spectral database generated in the previous chapter (Chapter 3). Collected 
data correspond to single strain experiments and mixed strain experiments. Single strain 
experiment nomenclature is; ‘SN1’ and ‘ZT1’ inoculated on day one of the experiment 
and ‘SN2’ and ‘ZT2’ inoculated 24 h later. Co-cultures of P. nodorum and Z. tritici 
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nomenclature is: ‘ZS’ when Z. tritici was inoculated on day one and P. nodorum 24 h 
later, ‘Mix’ when both fungi were inoculated together, and ‘SZ’ when P. nodorum was 
inoculated on day one and Z. tritici 24 h later. When analysing all samples inoculated 
with a single strain, the features detected in the media of the liquid cultures increase in 
those inoculated on day one; however, in the mycelia and in the DLAs the opposite 
phenomenon is observed in that more features were observed two days post inoculation. 
In the case of the mixed fungi experiments, in vitro treatments showed a higher number 
of features when P. nodorum dominates the interaction. However in planta, the highest 
number of features was detected when Z. tritici was inoculated first. It was also noticeable 
that in the un-inoculated wheat control, 20 features match the database suggesting these 
may correspond to primary metabolites. 
 
Table 4.3. Number of features detected by LC-MS2 in the in vitro cultures and DLAs 
extracts and number of features matching the P. nodorum SM database (DB).   
Treatment SN1 SN2 ZT1 ZT2 ZS Mix SZ Control 
media 
No features 150 130 137 129 134 179 144 - 
DB matches 29 25 25 25 23 32 25 - 
mycelia 
No features 124 157 129 138 130 152 160 - 
DB matches 29 38 19 22 21 29 37 - 
DLA 
No features 149 209 194 208 258 188 209 215 
DB matches 21 25 18 20 30 23 24 20 
 
Single strain P. nodorum (SN15): SN1: inoculated the first day; SN2: inoculated 24 h 
latter. Single strain Z. tritici: ZT1: inoculated the first day, ZT2 inoculated 24 h later. 
SN15-Z. tritici Co-cultures: ZS: Z. tritici inoculated first, Mix: inoculated at the same 
time; and SZ: SN15 inoculated first. 
 
To analyse the LC-MS2 profiles of the interactions in culture and in DLAs, the data was 
arranged in groups and presented in a graphical output3 produced by the Venn Diagrams 
software from http://bioinformatics.psb.ugent.be. Figure 4.7A shows the analysis of the 
distribution of unique features among the in vitro fungal cultures. From a total of 333 
features, 1424 are common to all cultures and should mainly correspond to the 
components of the media although 26 match the spectral library of P. nodorum MS. In 
                                                            
3 Venn diagrams are graphical representations of sets. To describe aspects of these diagrams the following set 
theory notation will be used: union (𝐴 ∪ 𝐵): a set containing all elements from set A and all elements from set B; 
intersection (𝐴 ∩ 𝐵): a set containing the common elements between set A and set B; difference (𝐴 ∖ 𝐵): a set 
containing all elements from set A except those elements also present in set B. Figure 4.8 graphically define the sets 
presented in the following analyses. 
4 𝐼𝑉𝑆𝑁 ∩ 𝐼𝑉𝑍𝑇 ∩ 𝐼𝑉𝑚𝑖𝑥 ∩ 𝐼𝑉𝑆𝑍 ∩ 𝐼𝑉𝑍𝑆 
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addition to these, 315 features are shared between P. nodorum and Z. tritici and could be 
either low concentration components of the media that were not detected in all treatments 
or shared fungal metabolites. Six of these 31 features match to the SM library indicating 
that they could be shared fungal metabolites. 76 unique features found in P. nodorum only 
cultures and 97 unique features from pure Z. tritici cultures were not detected in any 
culture containing both fungi suggesting that they are inhibited by the presence of the 
antagonist. A pattern of Z. tritici dominance in the co-cultures can be proposed as follows: 
P. nodorum first (IVSZ) with no dominance of Z. tritici, then both at the same time (IV 
mix), and finally ZN first (IVZS) where Z. tritici suppresses P. nodorum. Considering 
this, it was observed that the inhibition of P. nodorum associated features (those features 
found in the co-cultures that are also found in pure P. nodorum cultures) diminishes when 
the dominance of Z. tritici increases. Conversely, the features associated with Z. tritici 
(those in co-cultures shared with Z. tritici only cultures) rise as Z. tritici dominates the 
interaction; among the P. nodorum features inhibited by the dominance of Z. tritici are 
alternariol, mellein and septorine. Likewise, 148 features seem to be associated to P. 
nodorum dominance since these are found in cultures where P. nodorum was inoculated 
earlier or at the same time as Z. tritici; among these 14, one with the exact mass of 
273.1485 and a RT of 29.69 min (273.1485@29.69) matches the library. Similarly 39 
features found when Z. tritici was inoculated earlier or at the same time as P. nodorum 
could be associated to Z. tritici dominance. Interestingly O-methyl mellein matches one 
of these three features. Finally, 410 features found only in cultures where Z. tritici was 
inoculated before P. nodorum could be responsible for Z. tritici dominance in these 
conditions  
The Venn diagram in Figure 4.7B shows the distribution of all 311 features found in the 
DLA extracts. 14211 features were detected in all DLA experiments which therefore may 
correspond to the basal wheat metabolome. P. nodorum only treatments inhibited 5912 
wheat features, these were found in the mock inoculated (blank DLA) but not in the P. 
nodorum infected (DLA SN). 1013 of these were also inhibited by Z. tritici only treatments 
(DLA ZT) and 3414 by the P. nodorum and Z. tritici co-inoculation (DLA mix). In total, 
                                                            
5 (𝐼𝑉𝑆𝑁 ∩ 𝐼𝑉𝑍𝑇) ∖ (𝐼𝑉𝑆𝑁 ∩ 𝐼𝑉𝑍𝑇 ∩ 𝐼𝑉𝑚𝑖𝑥 ∩ 𝐼𝑉𝑆𝑍 ∩ 𝐼𝑉𝑍𝑆) 
6 𝐼𝑉𝑆𝑁 ∖ (𝐼𝑉𝑍𝑇 ∪ 𝐼𝑉𝑚𝑖𝑥 ∪ 𝐼𝑉𝑆𝑍 ∪ 𝐼𝑉𝑍𝑆) 
7 𝐼𝑉𝑍𝑇 ∖ (𝐼𝑉𝑆𝑁 ∪ 𝐼𝑉𝑚𝑖𝑥 ∪ 𝐼𝑉𝑆𝑍 ∪ 𝐼𝑉𝑍𝑆) 
8 (𝐼𝑉𝑚𝑖𝑥 ∪ 𝐼𝑉𝑆𝑍) ∖ (𝐼𝑉𝑆𝑁 ∪ 𝐼𝑉𝑍𝑇 ∪ 𝐼𝑉𝑍𝑆) 
9 (𝐼𝑉𝑚𝑖𝑥 ∩ 𝐼𝑉𝑍𝑆) ∖ (𝐼𝑉𝑆𝑁 ∪ 𝐼𝑉𝑍𝑇 ∪ 𝐼𝑉𝑆𝑍) 
10 𝐼𝑉𝑍𝑆 ∖ (𝐼𝑉𝑆𝑁 ∪ 𝐼𝑉𝑍𝑇 ∪ 𝐼𝑉𝑚𝑖𝑥 ∪ 𝐼𝑉𝑍𝑆) 
11 𝐷𝐿𝐴𝑆𝑁 ∩ 𝐷𝐿𝐴𝑍𝑇 ∩ 𝑏𝑙𝑎𝑛𝑘𝐷𝐿𝐴 ∩ 𝐷𝐿𝐴𝑚𝑖𝑥 
12 𝑏𝑙𝑎𝑛𝑘𝐷𝐿𝐴 ∖ 𝐷𝐿𝐴𝑆𝑁 
13 𝑏𝑙𝑎𝑛𝑘𝐷𝐿𝐴 ∖ (𝐷𝐿𝐴𝑆𝑁 ∪ 𝐷𝐿𝐴𝑍𝑇) 
14 𝑏𝑙𝑎𝑛𝑘𝐷𝐿𝐴 ∖ (𝐷𝐿𝐴𝑆𝑁 ∪ 𝐷𝐿𝐴𝑚𝑖𝑥) 
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2115 wheat features were inhibited by Z. tritici only treatments. It was also observed that 
P. nodorum -wheat interaction produced 5616 unique features (features only observed in 
samples where P. nodorum was present) but none were detected solely in P. nodorum 
only treatments; from these 56, 8 features matched the spectral library of P. nodorum 
SMs: 202.1073@28.19, 218.106@21.41, 145.1078@2.28, 234.163@35.50, 
282.1614@18.52, 238.1425@15.83, 252.1727@28.75 and 270.1687@17.10. On the 
other hand, Z. tritici -wheat produced 1517 unique features (features found just in those 
samples where Z. tritici was inoculated); four of them found only in DLA ZT. The co-
inoculated DLAs showed 9218 features not found in the wheat controls, 1219 of them 
unique to the tripartite interaction, of which from these 326.1880@20.14 matched the P. 
nodorum SMs library. Interestingly, 1320 features were only detected in the inoculated 
DLAs independently of the inoculated fungus; these correspond to common fungal SMs 
such as 284.1173@24.02 and 480.3936@28.35 which matched the library. These features 
could be also host products induced by the presence of the fungal pathogens. 
A third Venn diagram was built to observe the distribution of features among the liquid 
cultures and the DLAs (figure 4.7C). From all 572 unique features, 7221 found in extracts 
from in vitro cultures were also found in DLAs; from these, 5422 were shared with the 
DLA blank indicating a probable primary metabolic nature. Among the remaining 18 
features, 1323 were detected in single and double inoculated treatments from both DLAs 
and liquid cultures. These features seem to be linked to the direct interaction of P. 
nodorum and Z. tritici. Of these, just three of them matched the spectral library of P. 
nodorum unidentified SMs: 284.1173@24.02, 202.1073@28.19 and 252.1727@28.75. 
Since none of the database matching features were abundant enough in either the 
interaction tests nor in the conditions used to generate the library the attempt to isolate 
these features was abandoned. 
                                                            
15 𝑏𝑙𝑎𝑛𝑘𝐷𝐿𝐴 ∖ 𝐷𝐿𝐴𝑍𝑇 
16 𝐷𝐿𝐴𝑆𝑁 ∖ (𝐷𝐿𝐴𝑍𝑇 ∪ 𝑏𝑙𝑎𝑛𝑘𝐷𝐿𝐴) 
17 𝐷𝐿𝐴𝑍𝑇 ∖ (𝐷𝐿𝐴𝑆𝑁 ∪ 𝑏𝑙𝑎𝑛𝑘𝐷𝐿𝐴) 
18 𝐷𝐿𝐴𝑚𝑖𝑥 ∖ 𝑏𝑙𝑎𝑛𝑘𝐷𝐿𝐴 
19 𝐷𝐿𝐴𝑚𝑖𝑥 ∖ (𝐷𝐿𝐴𝑆𝑁 ∪ 𝐷𝐿𝐴𝑍𝑇 ∪ 𝑏𝑙𝑎𝑛𝑘𝐷𝐿𝐴) 
20 (𝐷𝐿𝐴𝑆𝑁 ∩ 𝐷𝐿𝐴𝑍𝑇 ∩ 𝐷𝐿𝐴𝑚𝑖𝑥) ∕ 𝑏𝑙𝑎𝑛𝑘𝐷𝐿𝐴 
21 (𝐼𝑉𝑠𝑖𝑛𝑔𝑙𝑒𝑠𝑡𝑟𝑎𝑖𝑛 ∪ 𝐼𝑉𝑓𝑢𝑛𝑔𝑎𝑙𝑚𝑖𝑥) ∩ (𝐷𝐿𝐴𝑠𝑖𝑛𝑔𝑙𝑒𝑠𝑡𝑟𝑎𝑖𝑛 ∪ 𝐷𝐿𝐴𝑓𝑢𝑛𝑔𝑎𝑙𝑚𝑖𝑥 ∪ 𝑏𝑙𝑎𝑛𝑘𝐷𝐿𝐴) 
22 (𝐼𝑉𝑠𝑖𝑛𝑔𝑙𝑒𝑠𝑡𝑟𝑎𝑖𝑛 ∪ 𝐼𝑉𝑓𝑢𝑛𝑔𝑎𝑙𝑚𝑖𝑥) ∩ 𝑏𝑙𝑎𝑛𝑘𝐷𝐿𝐴 
23 (𝐼𝑉𝑠𝑖𝑛𝑔𝑙𝑒𝑠𝑡𝑟𝑎𝑖𝑛 ∩ 𝐼𝑉𝑓𝑢𝑛𝑔𝑎𝑙𝑚𝑖𝑥 ∩ 𝐷𝐿𝐴𝑠𝑖𝑛𝑔𝑙𝑒𝑠𝑡𝑟𝑎𝑖𝑛 ∩ 𝐷𝐿𝐴𝑓𝑢𝑛𝑔𝑎𝑙𝑚𝑖𝑥) ∖ 𝑏𝑙𝑎𝑛𝑘𝐷𝐿𝐴 
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Figure 4.7. Distribution of 
features among the 
evaluated P. nodorum 
interactions. 
 A. In vitro interaction. IV 
SN: features present in 
cultures of P. nodorum (SN); 
IV ZT: features present in 
cultures of Z. tritici; IV mix: 
features from treatments 
where both fungi were 
inoculated at the same 
time; IV SZ: features 
present in treatments 
where SN was inoculated 
24h earlier; IV ZS: features 
present in treatments 
where SN was inoculated 
24h later. 
B. Interaction in planta. DLA 
SN: features from wheat 
leafs inoculated just with 
SN; DLA ZT: features from 
leafs inoculated just with Z. 
tritici; blank DLA: features 
present in non-inoculated 
leafs; DLA mix: features 
from all DLAs containing 
both fungi. 
C. Cultures and DLAs. DLA 
single strain: features from 
single strain inoculated 
leafs; IV single strain: 
features from single strain 
inoculated cultures; DLA 
fungal mix: features from all 
DLAs containing both fungi; 
blank DLA: features present 
in non-inoculated leafs; IV 
fungal mix: features from all 
cultures containing both 
fungi. 
 
 
A 
B 
C 
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Figure 4.8. Graphical representation of sets defined in footnotes 4-23. The shaded areas 
represent the defined sets. The number above the Venn diagram scheme is the footnote.  
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4.4. Discussion 
Although P. nodorum and Z. tritici are prominent foliar pathogens of wheat, there is very 
little data regarding their interaction or the metabolic exchange that may occur between 
them. Previously reported data on the co-occurrence of both diseases suggest that the 
fungal interaction in planta has no significance on the disease development (Gareth Jones 
& Odebunmi, 1971, Jenkins & Jones, 1981). Nonetheless it would seem that there is an 
effect on the microorganisms since their sporulation is affected during the in planta 
interaction as reported by Nolan et al. (1999).(Nolan et al., 1999).  
The changes observed here in the secondary metabolite production among single and 
double strain experiments from liquid cultures and DLAs are the result of a complex 
regulatory system. 60% of fungal secondary metabolism gene clusters seem to contain at 
least one regulatory gene that controls its transcription (Brakhage, 2013). Additionally, 
epigenetic regulation also operates on this tightly controlled metabolism. These 
mechanisms are driven by proteins that respond to environmental queues such as macro 
and micro nutrient availability, pH, temperature, light, etc. but also can react to the 
presence of another organism, such as a host or an antagonist (Brakhage, 2013). In a study 
using co-cultures of Aspergillus nidulans and Streptomyces rapamycinicus, the bacteria 
elicited the expression of fungal SM gene clusters that were silent in other conditions; it 
was shown that the histone acetyltransferase protein complex, SAGA-ADA, is involved 
in controlling regulation of SMs during this inter-organismic interaction (Nützmann et 
al., 2011). As many are the factors inducing the expression or repression of SMs, it would 
be difficult to link the observed changes to either exploitative or interference competition 
mechanisms, although it is completely plausible there is a co-occurrence of both 
mechanisms.  
The general basis of the P. nodorum-wheat interaction is relatively understood and can 
be explained by the production of proteinaceous toxins from the pathogen that interact 
with a susceptibility gene in the host as it has been previously mentioned. Nonetheless, 
the fine details of this relationship still remain unknown. The P. nodorum-host interaction 
can be seen as a system based primarily in wheat, but associated to the plant are other 
factors such as associated organisms and abiotic factors comprising altogether a 
biological network. Although the proteinaceous effectors are key determinants of the 
disease, other “missing effectors” must be required to effectively disrupt this network 
allowing a stable pathogenic interaction (Pritchard & Birch, 2011).  P. nodorum 
differentially expresses many genes during plant infection and disease development as it 
has been previously reported (Ipcho et al., 2012). Among the overexpressed genes, some 
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may be causal to a metabolic outcome that generates these “missing effectors”. The 
detected features in our analyses may be SMs playing a part in pathogenicity but their 
particular role is unknown. A common feature of the microbial infections in our 
experiments was a slight decrease in the number of detected substances in the single strain 
DLAs compared with the non-inoculated control. This may correspond to the known 
suppression of plant defence compounds by the pathogens. 
In the case of the interaction between the two fungi, the detection of new features and the 
suppression of others during the bipartite and tripartite interactions between P. nodorum, 
Z. tritici and wheat may suggest that interference competition machinery is being 
deployed. However, previously reported experiments of P. nodorum suggest that the 
governing mechanisms of  interactions on the leaf surface are from exploitative 
competition since other microorganisms on the plant limit space and nutrient availability 
(Dickinson & Skidmore, 1976). In the case of in vitro cultures, nutrient availability and 
space should not be a limiting factor since PDA is a rich complete medium and inhibition 
of P. nodorum by Z. tritici starts in the early stages of interaction as shown figure 4.1. It 
is worth noting the changes in number of features detected among the secreted metabolites 
in the liquid media interactions. The highest number of features was found when both 
microorganisms were inoculated at the same time whilst the smallest was when Z. tritici 
was inoculated first. This suggests that P. nodorum dominates the interaction by secreting 
a wide range of substances, and that Z. tritici dominates when inoculated one day later by 
inhibiting the antagonistic response of P. nodorum. Another probable mechanism 
employed by Z. tritici is the detoxification of P. nodorum SMs; a possible example of this 
is the presence of O-methyl mellein in the cultures where Z. tritici dominates but not in 
the cultures dominated by P. nodorum. O-methyl mellein was found in high proportions 
in most of the axenic in vitro cultures used in chapter 3 and its biosynthetic gene has 
previously been shown to be highly expressed in planta. Interestingly though, none of the 
reported melleins have been detected in planta (Chooi et al., 2015a). This in turn suggests 
perhaps the synthesis of an unknown active mellein derivative which could be detoxified 
by Z. tritici leading to O-methyl mellein as a less toxic metabolite.  In in vitro cultures, Z. 
tritici grows slower than P. nodorum. It has been previously observed that slow growing 
fungi tend to have a higher antagonistic potential. This may be due to the allocation of 
resources to either primary metabolism related to the growth of the organism or secondary 
metabolism related to antibiosis (Gloer, 1995, Fravel, 1988). If Z. tritici is allocating 
resources to produce secondary metabolites or other defence factors, this may be the cause 
of its domination over P. nodorum. Nonetheless, metabolites produced in early stages of 
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interaction may be metabolised later on precluding their detection at later stages. The 
analysis of the chromatographic profiles of the later stages and the evaluation of the 
antifungal properties in culture extracts of the last time point of P. nodorum and Z. tritici 
may not represent the metabolic profile and bioactivity of the crucial stage of interaction. 
In the case of in vitro experiments, the growing curves of the single and double strain 
cultures may indicate that the antagonism between both fungi is set during the first days 
of interaction. To evaluate the early stages of interaction, the effects of culture filtrates 
from single and mixed 48 h cultures of Z. tritici were tested to determine how they 
affected the spore germination of P. nodorum. No significant differences though were 
observed between the controls, the single culture filtrate and the mix culture filtrate. 
Although the use of in vitro cultures may indicate a potential antagonism, what happens 
in planta does not necessary reflect what occurs in vitro (Fravel, 1988). Interactions 
among organisms are context dependant, the biological networks of the system under 
study are not the same between in vitro and in planta conditions, and possibly not even 
within controlled in planta conditions and field conditions (Pritchard & Birch, 2011). 
In the case of DLAs, an interaction over the leaf surface occurs first, followed by an 
interaction within the plant. However, as secondary colonisers of the plant, P. nodorum 
and Z tritici should be able to outcompete early settling microorganisms (Gloer, 1995). 
Exploitative competition would not play in the pathogens favour; hence, provided 
antagonism occurs in the early stages of infection, interference competition must take 
place.  While DLAs where P. nodorum was inoculated first or at the same time as Z. tritici 
have a similar behaviour as the single inoculated assays, DLAs where P. nodorum was 
inoculated 24 h later have an increased number of features and among these a higher 
number of P. nodorum SMs library matching features. In this case P. nodorum is able to 
cope with its antagonist and the reason may be the inability of Z. tritci to inhibit the 
cocktail of SMs produced by P. nodorum in planta. The increase of features could have 
different sources; the obvious one is the fungal production of substances to interact with 
the antagonist. Another source is the response from the plant: the interaction among fungi 
may be releasing some MAMPs or DAMPs that activate defence networks that are 
normally supressed when no interaction occurs. Unfortunately, the majority of features 
detected in the LC-MS analyses were not present in the database of in vitro P. nodorum 
features and the isolation of those features matching the spectral library was not possible 
under the tested conditions.  
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4.5. Conclusions 
In this chapter the chemical interchange between P. nodorum, Z. tritici and their host has 
been presented. The complete understanding of the collected data would require further 
investigation and a titanic effort to tease out the chemical interactions. From a reductionist 
perspective, no clear conclusions can be drawn since the elements of interaction could 
not be identified; as a consequence, no functional data on the chemical interactions or 
biological roles of these entities could be obtained. Nonetheless, from a holistic 
perspective some general observations shed some light over the relationships established 
amongst both fungi and corroborate previous observations of the plant-pathogen 
interaction. 
In addition to previous data regarding the importance of exploitative competition 
mechanisms in the phylosphere affecting P. nodorum, the results of the interaction 
experiments between P. nodorum and Z. tritici suggest that interference competition is 
established between both microorganisms. P. nodorum produces a battery of substances 
that supress Z. tritici growth in vitro. However, Z. tritici has the ability to suppress the 
production or even detoxify these substances if it is inoculated 24 h before P. nodorum. 
In planta, this effect was not observed, probably due to the latency period of the 
hemibiotroph.  
Additionally, it was observed that P. nodorum produces several substances when 
infecting the plant; their role is unknown but it is highly probable that they play a role in 
establishing the plant-fungal interaction. As already known, the production of many plant 
substances is inhibited by the pathogen but also the production of specific responses to it, 
is observed. A similar effect was observed for Z. tritici. Furthermore, when both fungi are 
inoculated in planta, the fungal interaction triggers the expression of new features that 
may be a response from wheat to the products of the fungal antagonism. This last 
observation is a key feature since it plainly depicts how the plant-pathogen system is 
affected when other organisms are included. In other words, the observations on a 
simplified pathosystem clearly do not emulate real interactions where multiple organisms 
intertwine their life cycles. 
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5. P. nodorum volatile SMs: from molecules to genes 
 
5.1. Introduction 
5.1.1. Volatile organic compounds 
Biogenic Organic Volatile Compounds (VOCs) are carbon-based molecules produced by 
living organisms with high vapour pressure allowing them to readily pass to the gas phase. 
(Kesselmeier & Staudt, 1999). These substances are low molecular mass lipophilic 
molecules commonly produced in complex mixtures. VOCs have been regarded as inter- 
and intra-organism mediators since their capacity to diffuse in air makes them excellent 
long and short distance signalling molecules (Effmert et al., 2012, Tumlinson, 2014). As 
such, VOCs can be considered products of special metabolism and be regarded as 
secondary metabolites (SMs). The importance of VOCs for the producer organism is 
highlighted by the fact that around 25% of the CO2 “fixed” by plants is released again as 
30,000 known plant VOCs (Bitas et al., 2013). However, microbial VOCs and their 
ecological roles have not received the same attention as their plant counterparts (Lemfack 
et al., 2014).  
Many microbial VOCs display antibacterial, antifungal and phytotoxic properties. Others 
serve to structure the microbial community such as in biofilm formation whilst some are 
developmental cues (Kanchiswamy et al., 2015). Among microbial VOCs, fungal 
volatiles have been understudied compared to bacterial volatiles and our knowledge about 
their significance during interactions is minimal (Morath et al., 2012, Kluger et al., 2013, 
Hung et al., 2015b). Nevertheless there are examples highlighting the involvement of 
fungal VOCs in multi-trophic interactions. For example, chokol K produced by Epichloe 
spp. attracts insects which serve as fungal “pollinators” transporting spores or gametes 
(Schiestl et al., 2006). 
5.1.2. Sesquiterpenes 
VOCs are generally produced as complex blends of chemical substances containing 
alcohols, ketones, aldehydes, esters, ethers etc. Within these complex VOCs mixtures, 
sesquiterpenes are frequently found. These volatile terpenes are produced when the 15 
carbon farnesol-pyrophosphate (FPP) is transformed into a myriad of sesquiterpene 
skeletons. The sesquiterpene synthases (Sts) in fungi are generally the magnesium 
binding class 1 terpene cyclases. The metal in class 1 Sts induces the excision of the 
 108 
 
pyrophosphate group of FPP producing the farnesyl carbocation. This initiates the 
cyclisation reaction which may be followed by hydrogen and methyl shifts and ends by 
neutralising the charge either by the de-protonation or water attack. Subsequent 
modification of the sesquiterpenic structure can occur by the action of tailoring enzymes 
(Quin et al., 2014). 
Kramer and Abraham published a review reporting on 113 volatile sesquiterpenes from 
fungi. Although, for some of these volatile terpenes their involvement in ecological 
interactions has been demonstrated, the majority have unknown ecological roles (Kramer 
& Abraham, 2012). Considering that it is estimated that most of the fungal species remain 
unknown, and that fungal sesquiterpenes have been under-explored, it is clear that this is 
a mere glimpse of the actual knowledge about fungal volatile sesquiterpenes. 
Nonetheless, as technology advances and the significance of these molecules is realised, 
increasing attention will be devoted towards techniques suited towards their 
characterisation. For instance, GC-MS head-space analysis is a technique that injects the 
air from the headspace of a container, such as a vial, directly into the GC-MS for analysis. 
This approach provides information about the identities of substances present in gaseous 
form and also their abundances. However, since the sample is not concentrated some 
analytes may be present below the limits of detection. An alternative technique is solid 
phase micro extraction (SPME) that combines multiple steps into a single procedure; 
VOCs extraction, concentration and introduction into the chromatographic system. 
Another technique that is employed in the study of elusive secondary metabolites is the 
heterologous expression of biosynthetic genes. These genes are introduced into a 
different, and typically more amenable host, such as Saccharomyces cerevisiae for 
expression. An alternative to the heterologous expression is the exchange of the promoter 
regions or transcription factors of these biosynthetic genes in order to express or increase 
the production of the elusive SMs. These techniques form the cornerstone of not only this 
chapter, but also the future of volatile SMs research and are thus discussed below in 
further detail. 
5.1.3. Analytical techniques for the identification of VOCs 
5.1.3.1. SPME-GC-MS 
The high vapour pressure of VOCs makes them ideal analytes for GC-MS. Furthermore, 
the availability of comprehensive spectrometric databases, such as the library from the 
National Institute of Standards and Technology (NIST) from the United States, facilitates 
the identification of known substances. However, the difficult part resides in the sample 
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preparation involving the capturing of the VOCs, concentrating them and transferring 
them to the analytical system. A technology that encompasses these three processes in 
one step is SPME. 
Following the principle of solid phase extraction (Section 3.1.4), the adsorbent phase used 
in SPME coats a fibre. In GC-MS analysis the fibre is mounted in a microsyringe allowing 
its manipulation. The fibre is exposed to the sample where the analytes are adsorbed; the 
microsyringe is then transferred to the injection/inlet port of the chromatographic system 
where the fibre is exposed again to directly desorb the analytes (Eisert & Pawliszyn, 
1997). Different types of adsorbents are commercially available and the selection of the 
appropriate fibre depends on the type of analysis to be performed. For the study of fungal 
VOCs a fibre coated with carboxen, divinylbenzene and polydimethylsiloxane will 
extract a broad range of chemical classes allowing a higher number of volatile species to 
be screened (Jeleń, 2003).  
Identification of analytes by GC-MS is typically done using databases containing an 
extensive collection of mass spectra known as spectral libraries. This is possible since the 
most common ionization source for GC-MS is electronic ionization (EI) which produces 
good fragmentation in a highly reproducible manner. The fragmentation spectra of the 
samples are compared to those in the library. A spectrum from a component in the sample 
matching one from the library suggests both come from the same compound and an 
identity can be putatively attributed to the component (Hocart, 2010). In addition to the 
mass spectra, the retention time (RT) is also used to aid in compound identification. 
However, the RT depends on the chromatographic parameters used such as the chemistry 
of the stationary phase and the temperature program. To standardise the retention time 
and allow the comparison between different analyses RT can be translated to a retention 
index (RI) (Kováts, 1958, van Den Dool & Dec. Kratz, 1963).  
To confirm the putative identification of a compound by GC-MS, a comparison with a 
real standard must be done. The certainty can be increased by performing tandem mass 
spectrometry experiments comparing the fragmentation pattern of fragment ions between 
the sample and the standards; if both display the same mass spectra, the identity is 
confirmed (Hocart, 2010). 
5.1.3.2. Nuclear magnetic resonance 
Despite the availability of extensive databases and analytical standards many VOCs 
cannot be unequivocally identified and are reported as unknown compounds. Generally, 
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these unknowns have more complex structures than short chain alcohols, ketones or 
esters, such as terpenes. If the compounds can be isolated in milligram amounts, the 
structure of the compound can be elucidated by nuclear magnetic resonance spectrometry 
(NMR).  
NMR can only be applied to nuclei with an odd number of protons and or neutrons such 
as H1 and C13, the most frequently used nuclei. Under a strong magnetic field these nuclei 
will be aligned to the field, and will absorb and then emit a specific radiofrequency 
(resonate). The frequency depends on the nature of the nuclei, so each NMR active 
element will require a particular radiofrequency to resonate. The frequency also depends 
on the strength of the magnetic field at which the nucleus is subjected. The electrons 
within a molecule affect the magnetic field the nuclei perceive because they slightly shield 
the nuclei from the external magnetic field. The electronic distribution of the molecule 
which depends on the molecular structure and functional groups, may produce a distinct 
effect on each nuclei of the same element producing a slightly different frequency of 
resonance known as chemical shift (δ) (Jacobsen, 2007). In addition to the chemical shift, 
a similar effect caused by small changes in the overall magnetic field the nuclei sense, is 
the multiplicity. Nuclei can be aligned to the magnetic field in two ways, in the same 
direction or in an opposite direction to the magnetic field; the chemical shift of a particular 
nucleus is affected by the alignment of its neighbours, and for each possible alignment 
arrangement a signal is detected, this is shown in the recorded spectra as a “multiplied” 
signal. Figure 5.1 depicts this for the methanol molecule; it shows the three different types 
of protons: the three hydrogens from the methyl group (CH3) in red, two hydrogens in the 
methylene (CH2) in blue, and one hydrogen from the hydroxyl group (OH) in green. Since 
the CH2 (blue) and CH3 (red) protons have neighbouring hydrogens in the contiguous 
carbons, their signals will be multiplied by the number of possible arrangements of 
alignments; for instance, the three hydrogens of the CH3 can be aligned in four different 
ways: all in line to the magnetic field, one against, two against and all three against. These 
four arrangements will affect the overall magnetic field perceived by their CH2 
neighbours in four different ways producing four signals that are considered a quadruplet. 
When this happens we can say that the nuclei are coupled, in this case, protons from the 
CH3 are coupled with those from the CH2. When two types of nuclei are coupled the effect 
goes both ways. In this case, the two protons from the CH2 can be aligned in three 
different arrangements affecting the CH3 hydrogens perception of the magnetic field in 
three different ways leading to the production of a triple signal. The predicted spectra of 
methanol shows three signals: a singlet for the alcohol proton (green), a triplet for the 
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methylene group (red) and quadruplet for the methyl (blue).  NMR records all the 
different chemical shifts and multiplicity which are the basis for structural elucidation. 
H1 NMR and C13 NMR provide information about the number and context of C and H 
within the molecule but sometimes the connectivity between these atoms is not clearly 
deducted from these experiments and two-dimensional (2D) NMR is required.  Different 
2D NMR experiments exist, each one providing different and complementary 
information. For instance, Heteronuclear Single-Quantum Correlation spectroscopy 
(HSQC) can be used to detect the correlations between carbons and their attached 
hydrogen; and Heteronuclear Multiple-Bond Correlation spectroscopy (HMBC) can be 
used to find correlations at two to four bonds distance. The results from both help in 
solving the skeletal structure of the molecule (Breton & Reynolds, 2013). 
 
Figure 5.1. Multiplicity in the H NMR of methanol. Three different types of hydrogens 
in the molecule (red, blue and green). Nuclei are represented as a circle with an arrow 
indicating its alignment respective to the magnetic field. The different alignment 
distributions of the neighbouring hydrogens are shown for CH2 (blue) and CH3 (red) 
protons and their effect marked by the coloured letters is represented in the bottom 
predicted H NMR spectrum.  
MS and NMR are complementary techniques essential for the identification and structural 
characterization of unknown metabolites. Once the identity of a SM has been found the 
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next step may be the identification of the genes responsible for its biosynthesis and for 
this several molecular biology tools can be used. 
5.1.4. Molecular biology tools to identify SM biosynthetic genes 
Each of the different SM biosynthetic pathways are characterized by enzymes with 
similar active domains. This is reflected in a degree of homology among the protein 
sequences of these enzymes (Wiemann & Keller, 2014). Hence, SM biosynthetic genes 
can be mined from genomic data with a basic local alignment search tool (BLAST) using 
the sequences from known active domains as searching parameters. Programs such as 
antiSMASH or SMURF automate the process to identify SM biosynthetic genes in 
microbial genomes (Khaldi et al., 2010, Medema et al., 2011, Fedorova et al., 2012). By 
comparing the gene architecture with known and characterized biosynthetic genes, 
predictions of the possible products can be done to a certain extent. Conversely, this also 
represents a helpful tool to propose candidates for biosynthetic genes of known 
compounds. Manipulation of these target genes may affect the SM production providing 
a link between the expressed enzyme and its metabolic product (Andersen et al., 2013). 
For instance, in a reverse genetics approach, the disruption of a biosynthetic gene will 
prevent the production of the secondary metabolite products normally produced from the 
disrupted enzyme; the identification of the missing substances would suggest a link 
between the gene and the molecules. 
One strategy to disrupt or “knock-out” (KO) genes is based on homologous 
recombination, a mechanism which is used to repair double strand DNA breaks and also 
aid in gene segregation during meiosis (San Filippo et al., 2008). Briefly, to disrupt a 
gene by homologous recombination a linear strand of DNA is used, this is the disruption 
cassette. This cassette contains a gene or sequence to replace the target gene (Figure 
5.2A). The replacing sequence must contain a “marker” gene which allows the selection 
of the positively transformed fungal colonies from those untransformed (eg. antibiotic 
resistance gene)(Johnston et al., 2002). This cassette also contains flanking regions which 
are homologous to the flanking regions of the target gene to be disrupted (Rothstein, 
1983). Nonetheless, unspecific recombination may occur producing transformants which 
still carry the intact target sequence and these are called ectopic integrations. To minimise 
ectopic integration, a split marker homologous recombination technique has been 
developed whereby the organism is co-transformed using two DNA fragments, each of 
them containing one region homologous to each flank of the target gene, and a segment 
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of the marker gene. Both marker segments contain an overlapping region to facilitate 
recombination of the marker cassette in the event of an homologous recombination event 
(Figure 5.2B) (Fairhead et al., 1996).  
This reverse genetic approach for dissecting secondary metabolite clusters is feasible if 
the metabolic product of a SM biosynthetic gene is characterised or easily detectable, and 
this is not always known a priori. However, if the biosynthetic products have not been 
characterised because either the gene is not expressed in the tested conditions or the 
produced SMs could not be isolated in the quantities required for the corresponding 
analysis, a metabolic engineering approach can be used to obtain enough SM to elucidate 
its identity or to commercially produce particular SMs (Khosla & Keasling, 2003). To 
increase the yield of particular SMs in the native producer, the promoter regions or 
transcription factors can be manipulated to obtain overproducing strains. However, the 
metabolic engineering of a heterologous host for the expression of SM genes offers some 
advantages. Heterologous expression approaches consist of transferring genes from one 
organism to a foreign host; this host must provide a suitable metabolic machinery to assist 
the heterologous gene or genes and a cleaner metabolic background to facilitate the 
purification of the products of interest. In the specific case of sesquiterpenes, 
Saccharomyces has been proven an effective heterologous host: however the 
accumulation of sesquiterpenes in the yeast is low and further engineering is required if 
an increase in yield is desired (Jackson et al., 2003, Takahashi et al., 2007). 
5.1.5. VOCs from P. nodorum 
Despite the high SM biosynthetic potential harboured within the P. nodorum genome, 
secondary metabolism has not received the attention compared to other aspects of the 
fungus and its interaction with wheat (Chooi et al., 2014). In this section of the project 
the investigation of SM involved in P. nodorum interactions is continued by screening 
and analysing VOCs expressed in planta using SPME-GC-MS. It has been shown in 
previous work that endophytic isolates of P. nodorum produce VOCs (ethyl acetate, 3-
methyl-1-butanol, acetic acid, 2-propyn-1-ol, and 2-propenenitrile) that inhibit Monilinia 
fructicola growth (Baldwin, 2010). However, this is the only report of P. nodorum 
volatiles and no information about VOCs from this fungus on wheat is available. In this 
chapter SPME analysis of P. nodorum VOCs and their biological activity test is presented 
revealing phytotoxic, antibiotic and self-regulating properties. Furthermore, the first 
terpenes described for P. nodorum are reported in this chapter. 
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Figure 5.2. Representation of a gene knockout by homologous recombination. A target 
gene (purple) in the genome is replaced by a selectable marker gene (orange). In the single 
marker technique the selectable marker is contiguous within a single cassette (A) while 
in the split marker technique, the marker is divided between two cassettes (B). The 
recombination is schematised with the crossing lines in grey.  
 
 
A) 
B) 
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5.2. Methods 
5.2.1. Fungal material and test organisms 
A variety of microorganisms were used to test potential activities of P. nodorum VOCs. 
Eight fungi tested were; P. nodorum, Fusarium oxisporum, Eutiarosporella tritichi-
australis, Zymoseptoria tritici, plus four unidentified fungi which were isolated from 
healthy plant tissue from a wheat and barley experimental field in Wagga Wagga, New 
South Wales, Australia. The oomycete Phytopthora capsici was also tested as were the 
bacteria; Escherichia coli, Pseudomonads syringae, Sinorhizobium meliloti and three 
bacteria isolated from surface sterilised wheat seeds, Bacillus cereus, Sphingobacterium 
multivorum and Flavobacterium sp. Each of these microorganisms was used as test 
organisms for the volatile tests. The isolation of the plant-associated microorganisms is 
presented in Appendix III. 
To assess the phytotoxicity of P. nodorum VOCs, wheat (cv. Grandin) and Medicago 
truncatula were used as test plants. 
5.2.2. VOCs phytotoxic, antibacterial and antifungal activity assay  
Segmented Petri dishes (9 cm diameter) with two compartments were employed to test 
the effect of the P. nodorum volatiles on the growth of the microorganisms described 
above. In one compartment the volatile-producing organism was inoculated, and in the 
other, the test organisms were placed. Fries agar (1.5%) and YPDA media were used as 
the volatile-producing media for the P. nodorum and yeast strains respectively; water agar 
(1%) was employed for assessing the phytotoxic effect on wheat and Medicago 
truncatula. LB agar (1.5%) was used for assessing the effect on bacteria and PDA for 
fungi and Phytophtora. 25 μl of a P. nodorum spore solution (1x106 spores/ml) was 
spread over the media and incubated for 2 weeks at 22 ⁰C in a 12-12 h dark and light 
cycle. For the yeast assay, a lawn was inoculated and the plates kept at 30 ⁰C for four 
days. After the incubation period the test organisms were inoculated onto the other side 
of the plates and kept at 22 ⁰C in a 12-12 h dark and light cycle. When testing the bacteria, 
a multiple droplet inoculations were done on the same plate using different cell 
concentrations (1 in 10 dilutions from an arbitrary initial concentration). The effect of the 
VOCs was then monitored visually daily.  
To assess the effect of the main P. nodorum VOCs, ethyl acetate, 2-methyl-1-propanol, 
2-methyl-1-butanol, 3-methyl-1-butanol and phenyl-2-ethyl alcohol, each of them was 
placed on a 1 cm2 filter paper on one section of a segmented Petri dish. On the other half 
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of the dish, wheat or P. nodorum was inoculated on the appropriate media. An extra 
treatment containing a mix of these compounds in the proportions found in the HS-SPME-
GC-MS analysis was performed along with the control, adding just water, to the filter 
paper. The amount placed on the paper was calculated to produce an atmospheric 
concentration of 1 mM for the pure compounds and 100 ppm for the mix considering a 
free internal volume of the petri dish of 48.9 cm3 (the total volume minus 15 ml of test 
media). 
5.2.3. Pathogenicity assay 
To test the effect of the sesquiterpenes produced by P. nodorum on the disease 
development on wheat, mutants of P. nodorum lacking either Sts01, Sts02 or Sts03 
together with appropriate controls (described in Results section) onto the susceptible 
wheat cultivar, Axe. The second leaf from two-week old seedlings was gently attached to 
5 cm wide polystyrene blocks with double sided sticky tape. 1x106 spore/ml solutions 
containing 0.02% tween 20 were sprayed on the immobilised leaves with a paint airbrush. 
As a negative control a 0.02% tween 20 solution was sprayed whilst wild-type SN15 
spores was used as a positive control. Inoculated seedlings were incubated for 48h at 22 
oC in a dark moisture chamber. After the initial 48h incubation, plants were kept at 85% 
humidity, 20 oC during the day and 12 oC at night with 16-8 h light:dark cycles. Five days 
post inoculation leaves were collected to visually evaluate the disease comparing the 
lesions formed by the different treatments. 
5.2.4.    Medium scale cultures 
Medium scale P. nodorum fermentations for the production and isolation of 324 were 
performed using 8 L of Fries media. 4 L Erlenmeyer flasks containing 2 L of media were 
inoculated with 1x106 spores each. Cultures were incubated in the dark during 10 days at 
22 ⁰C and 120 rpm. 
For the isolation of 1 and 4, starter cultures of transformed S. cerevisiae harbouring Sts01 
or Sts02 were prepared in 6 ml synthetic dropout media lacking uracil (Table 2.1) for 72 
hours at 28 oC and 120 rpm. Each starter culture was used to inoculate 5 L YPDA broth 
(Table 2.1) and incubated for 90 h at 22oC at 120 rpm.  
 
                                                            
24 In this chapter bold numbers are used to refer to detected compounds (chromatographic features) until 
the characterisation of their chemical structure is presented. Each number in bold refers always to the same 
particular compound. 
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5.2.5. Terpene isolation 
Fungal cultures were lyophilised and extracted with dichloromethane as described in 
Section 2.2.3. Yeast cultures were centrifuged and the cells subjected to acetone 
extraction. Both, dichloromethane and acetone were evaporated in a rotary evaporator. 
The sesquiterpenes were extracted by acetonitrile/hexane partition and purified by SiO2 
hexane flash chromatography followed by C18 water/acetonitrile flash chromatography. 
Purity of terpenes was assessed by GC-MS. Isopentane was used to recover the terpenes 
from the water-acetonitrile mixture. 
5.2.6. Molecular biology methods 
5.2.6.1. Protoplast preparation for P. nodorum transformation 
100 ml CzV8CS liquid medium (Table 5.1) was inoculated with 108 spores from the P. 
nodorum isolate, SN15, and incubated for 20 h at 22 ⁰C and shaking at 140 rpm. The 
culture was centrifugated for 5 min at 4000 g and 4 ⁰C (all subsequent centrifugations for 
protoplast preparation were performed at 4 ⁰C) and the supernatant was subsequently 
removed and the mycelium washed with 600 mM MgSO4 prior to centrifugation for 5 
min centrifugation at 4000 g. Mycelia were resuspended in 25 ml glucanex solution 
(Table 5.1) and incubated for 2 h at 28 ⁰C to produce the protoplasts. In a 50 ml sterile 
tube 5 ml of 600 mM sorbitol 10 mM Tris solution (pH 7.5) was gently overlayed onto 
the prepared protoplasts and centrifuged for 15 min at 4000 g. The protoplasts were 
transferred from the interface to a 15 ml tube. An equal volume of 1 M sorbitol 10 mM 
Tris (pH 7.5) was added to the tube which was mixed gently and centrifuged for 5 min at 
1500 g. 3 ml STC buffer (Table 5.1) was used to wash the protoplasts prior to 
centrifugation at 1500 g for 5 min. The resulting protoplasts were resuspended in 0.5 ml 
of STC buffer. 100 L of 5×108 cells/ml were used for each transformation. 
5.2.6.2. Gene disruption (KOs) 
SNOG_03562 (Sts01), SNOG_04807 (Sts02), and SNOG_10024 (Sts03) were disrupted 
in P. nodorum wild type (SN15) by split marker homologous recombination of a 
phleomycin resistance cassette. 1.5 kb 5’ and 3’ flanking regions for each gene were 
amplified from P. nodorum SN15 genomic DNA (primers shown in Table 5.2). The 
phleomycin resistance gene was amplified as two overlapping amplicons, Phl and Leo, 
from the pAN8-1 plasmid (as described in Section 5.1.4). 5’ flanks were PCR fused to 
Leo while 3’ flanks were PCR fused to Phl (Table 5.2).  
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Transformation of SN15 protoplasts was undertaken as follows. 3 g of DNA was diluted 
with STC buffer up to a volume of 125 L and mixed with the protoplasts prior to 
incubation for 15 min at room temperature. 200 l of 60% PEG (Table 5.1) was added to 
the protoplasts twice in consecutive additions and then a final 800 l of 60% PEG solution 
(mixed by inversion after each addition). After 20 min of further incubation at room 
temperature, the transformation mixture was split into four aliquots and each one 
transferred to 5 ml 50 ⁰C CzV8-top agar. Aliquots were poured over room temperature 
CzV8-proto agar plates (15 ml), wrapped in aluminium foil and incubated at 22 ⁰C for 24 
h. After the 24 h incubation the appropriate amount of phleomycin was added to CzV8-
top agar to produce a final concentration of 50 g/ml in the plate (25 ml). 5 ml of the 
antibiotic enriched media was overlayed onto the incubated plates which were again 
covered in aluminium foil and incubated until colonies start to appear. Resulting 
phleomycin-resistant colonies typically began appearing seven dpi (days post 
inoculation) and were transferred to 50 g/ml phleomycin V8-PDA plates. 
5.2.6.3. Complementation  
A ligation independent cloning protocol was employed to produce the complementation 
cassette containing a glufosinate resistance gene for fungi and an ampicillin resistance for 
E. coli. Full-length Sts02, including the intron, was amplified from SN15 genomic DNA 
(Table 5.2) and cloned into the Ligation Independent Cloning (LIC) vector pBARGPE1-
LIC harboring a gpdA promoter and trpC terminator for gene expression, following a 
previously publish protocol (Chooi et al., 2013). The pBARGPE-LIC plasmid was cut 
with the restriction enzyme Smal and then digested with T4 DNA polymerase to create 
“sticky ends”. The STS02 was amplified with primers containing overhangs 
complementary to the “sticky ends” of the plasmid, these were digested with T4 DNA 
polymerase, which then allows the ligation of both fragments together. The resulting 
plasmid was inserted into E. coli to produce it in sufficient quantities for P. nodorum 
transformation. E. coli positive transformants were selected from plates contains 
ampicillin since the pBARGPE-LIC plasmid contains an ampicillin resistance marker for 
bacteria. The plasmid was extracted from positive E. coli transformants and sequenced to 
confirm the presence of Sts02. Transformation of Δsts02 P. nodorum protoplasts was 
performed as described above but instead of CZV8 proto and top agar, the media used for 
transformation was MM-AT proto and top agar (Table 5.1). Δsts02 P. nodorum 
protoplasts were complemented with the plasmid and positive transformants recovered 
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from glufosinate containing plates. Figure 5.3 shows the fragments obtained at each step 
of the complementation process.   
Glufosinate was extracted from the commercial herbicide Basta (Bayer CropScience) by 
means of a chloroform partition. The aqueous layer, containing the glufosinate, was 
recovered and the organic phase discarded. For selection of glufosinate-resistant 
transformants, the extracted glufosinate was added at 25 μl/ml to MM-AT-top agar. 
 
 
 
Figure 5.3. Schematic representation of the complementation of Sts02. STS02 was PCR 
amplified from SN15 genomic DNA and digested with T4 DNA polymerase (above).  
pBARGPE-LIC plasmid was cut with the restriction enzyme Smal and then digested with 
T4 DNA polymerase (below). Fragments are mixed to clone the Sts02 gene into the 
pBARGPE-LIC plasmid (right).  
 
5.2.6.4. Heterologous expression 
Sts01 and Sts02 without intron (primers Sts02_fg1 and fg2) were amplified from SN15 
genomic DNA (Table 5.2). The linearised plasmid backbone was obtained from YEplac-
ADH2p (YAp) (Lee & DaSilva, 2005). In vivo yeast recombination cloning was used to 
insert each gene into YAp, this was performed using the Frozen-EZ Yeast Transformation 
II Kit™ (Zymo Research, Irvine, CA) and competent Saccharomyces cerevisiae BJ5464-
NpgA according to manufacturer’s protocol. Positive transformants were selected by 
PCR from colonies grown on synthetic dropout agar lacking uracil.  
 
1) PCR 
2) T4 
LIC 
1) Smal 
2) T4 
pBARGPE-LIC 
SN15 genomic DNA 
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Table 5.1 Media and solutions used for the transformation of P. nodorum 
 
Media/solution Sterilisation Recipe 
CZV8CS - liquid media 
(pH 6.0) 
 
 
45.4 g/l Czapek-Dox liquid medium 
200 ml/l centrifuged V8 juice 
NaOH to adjust pH 
after autoclaving: 
50 ml/l complete supplement 
CZV8-proto agar 
(pH 6.0) 
autoclave 
45.4 g/l Czapek-Dox liquid medium 
200 ml/l centrifuged V8 juice 
182.2 g/l sorbitol 
10 g/l agar 
NaOH to adjust pH 
CZV8-top agar 
(pH 6.0) 
 
Same as CZV8-proto agar 
But agar is reduced to 7.5 g/l 
MM-AT-proto agar 
(pH 6.0) 
 
30 g/l glucose 
2 g/l ammonium tartrate 
1.0 g/l K2HPO4 
0.5 g/l KCl 
0.5 g/l MgSO4•7H2O 
10.0 mg/l ZnSO4•7H2O 
10.0 mg/l Fe2SO4•7H2O 
2.5 mg/l CuSO4•5H2O 
15.0 g/l Agar 
KOH to adjust pH 
MM-AT-top agar 
(pH 6.0) 
 
Same as MM-T-proto agar 
But agar is reduced to 7.5 g/l 
Glucanex solution 
(pH 5.8) 
 
296 g/l MgSO4·7H2O 
2 g/l NaH2PO4 
NaOH to adjust pH 
1.5 g/l glucanex 
STC buffer  
216 g/l sorbitol 
1.21 g/l Tris 
1.47 g/l CaCl2 
60% PEG solution 
0.22 m filter 
600 g/l PEG 4000 
1.21 g/l Tris 
1.47 g/l CaCl2 
Complete supplement  
20 g/l casamino acids 
20 g/l peptone 
20g/l yeast extract 
3 g/l adenine 
0.02g/l biotin 
0.02 g/l nicotinic acid 
0.02 g/l p-aminobenzoic acid 
0.02 g/l pyridoxine 
0.02 g/l Thiamine 
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Table 5.2. Primers used in this chapter. Sts_conf are the primers use to confirm the KO 
of the Sts; XW_Sts are the primers to ligate Sts into Yap; Sts02_fg are the primers to 
remove Sts02 intron 
Name Forward Reverse 
Phl ccctcgttgaccaagaatc aagttcgtggacacgacct 
Leo gacgtgaccctgttcatca gagcattcactaggcaacca 
Sts01_5flank ttctggttcggaataagctctt 
gagcattcactaggcaa- 
atttattgtgcgcgttcg 
Sts01_3flank 
ctaagaaccagttgctccc- 
tctttgcacctacgatttttcc 
cattcctgattcctcttgtttg 
Sts01_conf tcaccttgttccaatgctcc Leo R 
Sts02_5flank gcgcggaatggtgtaaagt 
gagcattcactaggcaa- 
aaagatgatctcgcctgcc 
Sts02_3flank 
ctaagaaccagttgctcccc- 
tgaaccggcgtaccagttta 
accaacacgtcagtgacgac 
Sts02_conf gttcactcggtcatgtaccag Leo R 
Sts03_5flank ctaggccgcatctcgttta 
gagcattcactaggcaa- 
cgtctgcataccaaggctacta 
Sts03_3flank 
ctaagaaccagttgctccc- 
caactgaagatttgctactgcc 
catgaatttttgggcggt 
Sts03_conf ccttctatgtctacccacacca Leo R 
Sts02_cmpl 
ctcgtcgtgtcgccc- 
atcatggctccgatagatg 
cgtcgtcgtcgccc- 
agctatcaaccccaaatccttc 
YAp_Sts01 
atcaactatcaactattaactatatcgtaatacca-
atgtcccattcccgccacga 
tgtcatttaaattagtgatggtgatggtgatgcac-
cacctccacggcagtgacct 
YAp_Sts02 
atcaactatcaactattaactatatcgtaatacca-
atggctccgatagatgcatca 
tgtcatttaaattagtgatggtgatggtgatgcac-
accccaaatccttccttcattg 
Sts02_fg1 - 
gacccatggagaagcacatgactccggacatga 
agcctttaccaagatcggcatgtc 
Sts02_fg2 
tactttgagtaccgacatgccgatcttggtaaa 
ggcttcatgtccggagtcatgtg 
- 
Phleo_qPCR ggaagttcgtggacacga gacgtgaccctgttcatca 
Pn2_qPCR tgctcatcgctggtatggacg ccagtggctaacgacggtgatg 
Elng.f_qPCR atgatcgacgtttccacc tcaatagcctcgaggagg 
Actin_qPCR agtcgaagcgtggtatcct acttggggttgatgggag 
SnToxA_qPCR gtccgtctgtcaacaacatcg tcagttcccacgagcctatagc 
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5.2.6.5. Phleomycin copy number by qRT-PCR 
To assess the copy number of the phleomycin cassette in the transformants, qRT-PCR 
primers were designed for the phleomycin resistance gene as described in Section 2.6.3.1 
(Table 5.2). As a reference strain, a tox3 knock out strain was used which contains a single 
copy of the phleomycin resistance gene (Tan et al., 2014). Primers used to measure P. 
nodorum during antagonism (Section 4.2.1) plus elongation factor 1α, actin and SnToxA 
primers were used to normalise the data (Table 5.2). 
5.2.7. Analytical methods 
5.2.7.1. SPME-GC-MS 
Slanted fries agar head space (HS) vials (20 ml) were inoculated with one seed of working 
seed stocks (Figure 5.5A). Vials with cotton stopers were incubated for a week at 22 ⁰C 
in 12-12 h dark and light cycles. The day before the SPME-GC-MS analysis, vials were 
closed with silicon/Teflon septa crimp caps. For the in planta VOCs production, a DLA 
assay was performed in the HS vial. The distal 5 cm of the second leaf of 2-week old 
wheat seedlings were excised and sprayed with a 1x106 P. nodorum spores/ml solution 
containing 0.02 % tween 20 (Figure 5.4B). The cut end of each leaf was imbedded in a 
HS vial containing 2 ml of water agar (1%). Vials were closed with silicon/Teflon septa 
crimp caps and incubated for 3 days at 22 ⁰C in 12-12 h dark and light cycles. Three vials 
of each treatment were made for each P. nodorum strain. Three mock-inoculated vials per 
treatment were used as controls. To calculate the retention indexes, 5 μl of an alkane mix 
at 20 ppm in CH2Cl2 were added to a HS vial. To confirm the identity of ethyl acetate, 2-
methyl-1-propanol, 2-methyl-1-butanol, 3-methyl-1-butanol and phenyl-2-ethyl alcohol 
within the fungal VOCs, a mix was prepared using pure compounds and 1 μl of the mix 
was added to a HS vial. 
   
Figure 5.4. HS vial setup for in vitro (A) and in planta (B) SPME-GC-MS VOCs analysis. 
A B 
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Volatiles were adsorbed onto a divinylbenzene/carboxen/polydimethylsiloxane 
(DVB/CAR/PDMS) SPME fibre (1 cm, 23 Ga, 50/30 µm film thickness, Supelco) for 
120 min at 30 ⁰C after a 5 min equilibration.  The fibre was desorbed in the injector at 
240 ⁰C (splitless mode 2 min).  The fibres were conditioned by keeping them in the GC 
injector at 240 ⁰C for 10 minutes.  
Samples were analysed by GC/MS (Section 2.4.3.  Elution was performed with He flow 
at 1.5 ml/min and temperature programmed from 40 ⁰C (hold 3 min) to 180 ⁰C at 4 ⁰C 
/min and then to 220 ⁰C (hold 5 min) at 10 oC/min.  The mass spectrometer was operated 
in the electronic ionisation (EI) mode with ionisation energy of 70 eV and scanning the 
mass range of m/z 50-300. Temperatures were set to: GC inlet, 240 ⁰C; GC transfer line, 
240 ⁰C; MS source, 200 ⁰C; and quadrupole 250 ⁰C. 
5.2.7.2.  GC-MS2 
GC-MS2 (Section 2.4.3) was performed to identify 2 and 3 by comparison with standards. 
Only for the analysis of 2 the Varian CP9013-1Factor4 5ms column was changed to a 
BPX70 30 m x 0.25 mm id (SGE Analytical Science) column. Both samples were eluted 
with He (inlet pressure 15 psi; injection port 200 ⁰C; interface 250 oC; source 200 oC). 
For 2 the column was temperature programmed from 60 ⁰C (hold 1 min) to 100 oC at 25 
oC/min, then to 150 at 10 oC/min, and finally to 240 oC at 10 oC/min (hold 3.5 min); for 
3 the program started at 60 ⁰C (hold 1 min) to 200 oC at 30 oC/min, then to 220 at 3 
oC/min, and finally to 325 oC at 30 oC/min (hold 1 min). The mass spectrometer was 
operated in the electronic ionisation (EI) mode with ionisation energy of 70 eV, scanning 
the mass range of m/z 40-300.  For MS/MS experiments, the precursor ions were selected 
with a peak width of 1.0 amu over 12 ms. The ions were excited at 1 V for 15 ms with q 
= 0.3 and the products scanned over a mass range of m/z 25-200.   
5.2.7.3. NMR 
Samples for NMR were dissolved in CDCl3. 1H NMR, 13C NMR, HSQC and HMBC were 
performed in an Avance™III HD 400 MHz NanoBay NMR device (Bruker) using the 
acquisition software TopSpin 3.2 (© 2012 Bruker Biospin). Processing of the acquired 
data prior the analysis was done with MestReNova 9.0.1-13254 (©2014 Mestrelab 
Research S.L.).  
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5.3. Results 
5.3.1. Phytotoxic, antibiotic and self-inhibitory properties of P. nodorum VOCs 
In order to determine if P. nodorum produces bioactive VOCs, volatiles were tested for 
phytotoxicity, fungitoxicity and antibacterial activities using a segmented plate assay. The 
plastic division of the Petri dishes used in these experiments prevents the diffusion of 
compounds through the media but allow diffusion through the air. To test for VOCs 
phytotoxicity, the seeds of M. truncatula and the wheat cultivar Grandin were tested. In 
control plates (no fungal inoculation), seeds germinated as typically observed and were 
unabated by external factors. However when the wheat seeds were germinated in the 
presence of P. nodorum (and therefore the associated VOCs), the radicle elongation and 
hypocotyl or coleoptile growth was visibly reduced implying that the P. nodorum VOCs 
harbour a phytotoxic activity (Figure 5.5).  
However when testing the effect of these VOCs on eukaryotic microorganisms, neither 
the growth of the Oomycete Phytopthora capsici, or that of any of the eight fungi tested 
(with the exception of P. nodorum) was affected25. A reduction in P. nodorum growth 
was observed providing evidence of self-inhibition (Figure 5.5). Six bacterial isolates 
were also tested, B. cereus, E. coli, P. syringae, S. meliloti, S. multivorum and 
Flavobacterium sp., with growth of only S. meliloti and S. multivorum showing 
significant inhibition by P. nodorum VOCs.  Figure 5.5 displays a representative result 
of the P. nodorum VOCs assay; the upper panel of segmented plates presents the 
inhibition caused by the volatiles over five test organisms while the lower panel pictures 
the growth of the test organisms in the absence of P. nodorum. It is clear that P. nodorum 
VOCs are phytotoxic, self-inhibiting and mildly antibacterial. 
                                                            
25 During the course of this chapter many tests did not show significant differences with the negative 
controls. Although the negative results are mentioned, images or tables for them are generally not presented 
since they do not provide further data. Such is the case of the microorganisms in these assays. 
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5.3.2. In planta production of sesquiterpenes 
To identify the VOCs emitted by P. nodorum, the fungus was grown for a week in slanted 
Fries agar vials which were subjected to HS-SPME-GC-MS analyses. Within the VOCs 
mixture produced by the fungus, several alcohols and esters were identified as being the 
most abundant components: 3-methyl-1-butanol (5.36%), 2-methyl-1-butanol (2.6%), 2-
methyl-1-propanol (1.43%), phenylethyl alcohol (1.13%) and mellein (0.9%) (Table 5.3). 
In addition to these simple molecules, some terpenes were also identified to be produced 
in vitro. Figure 5.6A shows a section of the chromatograms from un-inoculated Fries 
media and P. nodorum growing on Fries; in this time window the production of mellein 
plus four sesquiterpenes can be observed. As mentioned in the introduction of this 
chapter, sesquiterpenes are known to be involved in ecological interactions, hence, the in 
planta expression of these sesquiterpenes was investigated by analysing the HS-SPME-
GC-MS profile of P nodorum infected leaves. 
The chromatographic profile of non-infected wheat leaves and P. nodorum inoculated 
wheat leaves are compared in Figure 5.6B. These profiles highlight clear differences 
between the sesquiterpenes within these two treatments and also demonstrate that some 
of the same sesquiterpenes being produced in vivo and in vitro (Figure 5.6A). Four 
sesquiterpenes not previously observed though were discovered in the in planta analysis. 
By comparing the acquired data against the NIST database eudesma-4,11-diene (1), β-
elemene (2) and α-cyperone (3) were putatively identified among the sesquiterpenes 
produced by P.nodorum. Interestingly, one of the major features described in Chapter 3, 
found in Fries cultures and predicted to be a sesquiterpene, matches the proposed formula 
for compound 3. Another interesting compound was 4, the most abundant sesquiterpene 
produced by P. nodorum in both Fries culture and in wheat leaves. Subsequent 
comparisons to databases did not reveal a significant match and as such, further 
experimentation was required to determine its identity (Section 5.3.5). 
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Table 5.3. P. nodorum identified VOCs from HS-SPME-GC-MS of Fries media cultures. 
Compound identification was done by comparison of the mass spectra against the NIST 
library and, for those in bold, against standards. 
 
Compound Abundance Fold change RI Structure 
nitrous oxide 0.120% new ND 
 
 
2,3-butanedione 0.060% new 600.9 
 
ethyl acetate 1.019% 23.9 607.7 
 
 
2-methyl-1-propanol 1.434% new 614.4 
 
 
acetic acid 0.191% 3.7 624.2 
 
 
1-butanol 0.036% new 632.0  
 
propanoic ethyl ester 0.024% new 663.4 
 
 
acetoin 0.254% new 664.5 
 
 
3-methyl-1-butanol 5.360% new 688.7 
 
 
2-methyl-1-butanol 2.610% new 692.1 
 
 
2-methyl-propanoic 
 ethyl ester 
0.123% new 707.7 
 
 
isobutyl acetate 0.175% new 724.0 
 
 
2,3-butanediol 0.020% new 746.9 
 
 
[R-(R*,R*)]-2,3-butanediol 0.036% new 760.5 
 
 
2-methyl-butanoic 
ethyl ester 
0.096% new 822.9 
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Table 5.3 (continued). P. nodorum identified VOCs from HS-SPME-GC-MS of Fries 
media cultures. Compound identification was done by comparison of the mass spectra 
against the NIST library and, for those in bold, against standards. 
 
Compound Abundance Fold change RI Structure 
2-methyl-butanoic acid  0.035% new 839.1 
 
 
 3-methyl-1-butanol  
acetate 
0.598% new 865.2 
 
 
2-methyl-1-butanol  
acetate 
0.142% new 868.0 
 
 
2-heptanone 0.008% new 885.8 
 
 
6-methyl-5-hepten-2-one 0.088% new 985.8 
 
 
6-methyl-5-hepten-2-ol 0.071% new 993.8 
 
 
2-methyl-propanoic 3-
methylbutyl ester 
0.023% new 1012.8 
 
 
phenyl-2-ethyl alcohol 1.133% new 1116.0 
 
 
β-elemene (2) 0.011% new 1389.6 
 
 
eudesma-4,11-diene (1) 0.144% new 1476.7 
 
 
mellein 0.904% new 1550.1 
 
 
6-ethyl-2-methyl-octane 0.007% new 1587.3 
 
 
α-cyperone (3) 0.003% new 1752.8 
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Figure 5.6. HS-SPME-GC-MS chromatograms showing the sesquiterpene profile of P. 
nodorum wild type (SN15) in a RT window from 25-39 min A: comparison between 
SN15 growing on Fries media (above) and uninoculated Fries media (below) B: between 
SN15 inoculated (above) and mock inoculated wheat leaves (below). Compounds 1-4 are 
shown and other sesquiterpenes peaks are stared (*), mellein is indicated as a cross (+).  
 
5.3.3. The biosynthetic genes of P. nodorum sesquiterpenes 
Given the presence of the sesquiterpenes during infection, and the reported involvement 
of this type of compounds in communication and as mediators of interactions, the role of 
these molecules was further dissected using a reverse genetics approach. A previous 
genome mining study identified three sesquiterpene synthase genes in P. nodorum: Sts01, 
Sts02 and Sts03 (Chooi et al., 2014). Table 5.4 presents the first six results obtained when 
using the BLASTp performed in the NCBI portal to find homologous proteins to Sts01, 
Sts02 and Sts03. The local alignment search showed that Sts01 is related to trichodiene 
synthase while Sts02 is similar to aristolochene synthase. Furthermore, Sts03 showed 
high homology to other predicted proteins from Cochliobolus sp.; interestingly Sts03 
seems to be mis- annotated as well as its Cochliobolus homologs as is discussed below 
(Section 5.2.3).  
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Table 5.4. P. nodorum Sts homologous proteins find using the BLASTp on NCBI portal 
 
Query  
gene 
Accession 
number  
Organism Annotation 
Identit
y 
Query 
cover 
E 
value 
Score 
Sts01 
XP_001794120.1 
Parastagonospora 
nodorum  
hypothetical protein 
SNOG_03562 
100% 100% 0 760 
XP_008023317.1 
Setosphaeria 
turcica  
hypothetical protein  
SETTUDRAFT_38037 
88% 95% 0 647 
EPS26493.1 
Penicillium 
oxalicum  
hypothetical protein 
PDE_01430 
58% 87% 5.9E-133 396 
XP_002478258.1 
Talaromyces 
stipitatus  
trichodiene synthase, 
putative  
37% 90% 2.3E-68 230 
XP_014546729.1 
Metarhizium 
brunneum  
terpenoid synthase, partial  34% 84% 2.9E-54 193 
XP_014577267.1 
Metarhizium 
majus  
terpenoid synthase, partial 34% 84% 5.3E-54 192 
KJK77935.1 
Metarhizium 
anisopliae  
hypothetical protein 
H634G_06902 
34% 84% 9.7E-54 192 
Sts02 
XP_001795219.1 
Parastagonospora 
nodorum  
hypothetical protein 
SNOG_04807 
100% 100% 0 779 
XP_008724827.1 
Cladophialophora 
carrionii  
hypothetical protein 
G647_02255 
45% 64% 1.1E-89 285 
XP_007760001.1 
Cladophialophora
yegresii  
hypothetical protein 
A1O7_07815 
45% 63% 3.4E-89 284 
EMD90790.1 
Bipolaris 
maydis  
hypothetical protein 
COCHEDRAFT_10970 
41% 58% 1.4E-78 257 
XP_014082907.1 
Bipolaris 
maydis  
hypothetical protein 
COCC4DRAFT_36610 
43% 61% 2.4E-78 256 
KEY73226.1 
Stachybotrys 
chartarum  
hypothetical protein 
S7711_04188 
41% 59% 2.7E-77 253 
XP_007286744.1 
Colletotrichum 
gloeosporioides  
aristolochene synthase 43% 61% 3.0E-77 254 
Sts03 
XP_001800307.1 
Parastagonospora 
nodorum  
hypothetical protein 
SNOG_10024 
100% 100% 1.6E-166 471 
XP_007704321.1 
Bipolaris 
sorokiniana  
hypothetical protein 
COCSADRAFT_34656 
87% 93% 7.1E-146 419 
XP_014076762.1 
Bipolaris 
maydis  
hypothetical protein 
COCC4DRAFT_63203 
85% 92% 2.8E-142 410 
XP_007714292.1 
Bipolaris 
zeicola  
hypothetical protein 
COCCADRAFT_38482 
86% 91% 3.3E-141 407 
XP_014554164.1 
Bipolaris 
victoriae  
hypothetical protein 
COCVIDRAFT_39947 
85% 92% 4.5E-141 406 
XP_007683480.1 
Bipolaris 
oryzae  
hypothetical protein 
COCMIDRAFT_82861 
85% 92% 7.7E-141 407 
XP_007680531.1 
..Baudoinia 
..panamericana  
hypothetical protein 
BAUCODRAFT_78588 
   32%.     52% 1.0E-33 135 
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In order to link the detected sesquiterpenes with their corresponding biosyntectic genes, 
the three sesquiterpenes synthases were independently disrupted by a split marker 
homologous recombination approach using a phleomycin cassette. Table 5.5 presents the 
expected size of the PCR products obtained at each step. Two overlapping fragments were 
amplified from the phleomycin cassette (Phleo) which contains a GpdA promotor, the 
Pleomycin resistance marker gene, and a TrpC terminator: the first fragment consists of 
GpdA plus half of the phleomycin marker (Phl) and the second fragment contains the 
other half of the marker plus the TrpC terminator (Leo).  Flanks for each gene were 
amplified by PCR from P. nodorum genomic DNA. Both, the flanks and the marker 
fragments were purified by gel electrophoresis (Figure 5.7A). A fusion PCR to join the 
3’ flanks to Phl and the 5’ flanks to Leo was performed and successful for all constructs 
except the fusion of Phl to the 3’ flank of Sts02 (Figure 5.7B). A touchdown PCR 
approach with a slow cool-down in the initial cycles from the denaturing step to the 
annealing step was used to obtain the fusion product for Sts02 and the 3’ flank (Figure 
5.7C). The touchdown PCR reduces the annealing temperature each cycle during the first 
cycles of the reaction; this provides the primers with enough energy to overcome weak 
interactions reducing the production of unspecific binding; as the temperature lowers the 
proportion of the amplicons of interest among unspecific binding sites increases 
providing a cleaner template for the subsequent reaction cycles. The slow cool-down step 
in this technique provides time and energy for the primers, 3’ flank and Leo to find a 
minimal energy interaction (this is the correct assembly) increasing the chances of a 
proper synthesis.  
 
Table 5.5. Expected size (bp) for the DNA fragments used for the Sts’s disruption 
 Sts01 Sts02 Sts03 
5’ flank 1522 1556 1535 
3’flank 1531 1586 1519 
5’+Leo 2424 2458 2437 
3’+Phl 2624 2679 2612 
confirmation 2627 2681 2654 
Phl 1112 Leo 919 
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Figure 5.7. Fragments used to disrupt P. nodorum Sts genes. A: electrophoresis gel image 
of the amplified flanks of Sts01, Sts02 and Sts03 (expected sizes in Table 5.5) and the two 
fragments of the phleomycin marker, Phl and Leo (expected sizes in Table 5.5). B: gel 
image of the resulting products of the fusion PCR of the flanks with the split marker 
pieces (expected sizes [dotted line] in Table 5.5). C: results of the touch down PCR with 
slow cooling step between the denaturing and annealing stage for the fusion of the 3’ 
flank of Sts02 with Phl. The horizontal arrows mark the 1000, 3000 and 6000 bp sizes 
from the ladder. The numbers 0.1, 0.3 1.0 and 3.0 indicate the μL of DNA at 70 fM used 
for the PCR. 
 
Once the correct fragments were generated and confirmed, the transformation of wildtype 
P. nodorum (SN15) was performed and subsequent colonies single spored and screened 
for correct insertion. To distinguish ectopic integrations from homologous recombination, 
the transformants were screened by PCR using the primers Sts01_conf F and Leo R listed 
in Table 5.2 (Figure 5.8). Of those transformants shown to have undergone homologous 
recombination, a qRT-PCR was performed to assess copy number of phleomycin cassette 
to ensure that integration only occurred at the targeted locus. Based on these analyses, 
two independent single copy transformants of Sts01 and Sts02 KOs (Δsts01 and Δsts02 
respectively) were selected for further analysis. No single copy transformants of Sts03 
KOs (Δsts03) though were identified and thus two mutants harbouring multiple copies 
were used instead. Each of the mutants were analysed by HS-SPME-GC-MS (Figure 5.9). 
C 
A 
B 
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The signals of 1, 2 and 3 along with three other unidentified sesquiterpenes present in 
SN15 were absent in the Δsts02 mutant linking the production of these molecules with 
this gene. For the Δsts01 mutant, three unidentified compounds, of which one was 4, were 
absent. No missing signals were found in Δsts03 mutants. These results indicate that Sts02 
is involved in 1, 2 and 3 biosynthesis, and Sts01 is involved in the production of 4. 
 
 
 
Figure 5.8. Screening of transformed P. nodorum colonies. 1-30: transformants for the 
disruption of Sts01. 31-69: transformants for the disruption of Sts02. 73-90: transformants 
for the disruption of Sts03. The horizontal arrows mark the 1000, and 3000 bp sizes from 
the ladder. As a negative control SN15 was used (69). As positive control 5’flank plus 
Sts01, Sts02 and Sts03 was amplified from SN15 (70-72). 
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Figure 5.9. HS-SPME-GC-MS chromatograms comparing the sesquiterpene profile of 
P. nodorum wild type (SN15) against the Sts KOs. A: comparison of SN15 (above) and 
Δsts02 (below) chromatographic profile in a RT window from 26-31 min plus 36 to 38 
min. B: comparison of SN15 (above) and Δsts01 (below) chromatographic profile in a 
RT window from 26.5-29.5 min. In both cases compounds 1-4 are shaded and marked 
by its correspondent number. Other sesquiterpenes are also shaded and stared (*). 
 
To confirm the link between Sts02 and the putatively identified 1, 2 and 3, Sts02 from 
SN15 was used to complement the Δsts02 strain to observe if the reinsertion of the 
biosynthetic gene back into the P. nodorum genome could re-established the production 
of 1, 2 and 3. The complementation plasmid was generated was described above (Section 
5.2.6.3) and use to transform the Δsts02 strain.  
 
Positive transformants were grown on slanted Fries agar in HS vials and tested by HS-
SPME-GC-MS. Figure 5.10 shows the restoration in the production of 1, 2 and 3 when 
sts02 was complemented in Δsts02: 1, 2 and 3 were detected from SN15 vials, absent in 
Δsts02 and present again in vials containing the complemented strain. Since Sts02 was 
reinserted with a strong promoter region that makes the gene become constitutively 
expressed, 1, 2 and 3 were present in greater abundance compared to the wildtype (SN15).  
 
 135 
 
Complementation of Sts02 restores 1, 2 and 3 expression 
 
  
Figure 5.10. Restoration of the expression of 1, 2 and 3 by the STS02 complementation 
strain. SPME-GC-MS chromatogram of wildtype P. nodorum (SN15), a Sts02 deficient 
P. nodorum (Δsts02), and a Sts02 complemented strain (Δsts02::STS02). Peaks of 1, 2 
and 3 are numbered and shaded. 
 
The above data provides strong evidence that Sts2 is the biosynthetic gene responsible for 
the production of 1, 2 and 3; however further experimental data was required to confirm 
the putative identities of these three sesquiterpenes. Furthermore, no satisfactory 
identification was found for 4 and consequently a full structure elucidation was required. 
An isolation procedure was attempted to obtain these compounds from a medium scale 
fermentation of P. nodorum in Fries media.  Eight litres of culture were frozen and 
lyophilised prior to AcOEt extraction. The obtained extract was subject to SiO2 flash 
chromatograpy (Hexane to CH2Cl2 to MeOH) and fractions analysed by LC-MS. 3 was 
found in the fraction obtained at 80% hexane 20% AcOEt. However 1, 2 and 4 were not 
detected, probably because these molecules do not contain functional groups which are 
easily ionized by ESI and consequently do not produce ions that can be detected by the 
LC-MS. In the case of 3, it was isolated from the SiO2 fraction by C18 flash 
SN15 
Δsts02 
1 
2 
3 
Δsts02::STS02 
1 
2 3 
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chromatography. C18 fractions were analysed by LC-MS and a hexane extraction was 
performed on an aliquot of the fraction containing 3 (35% H2O 65% MeCN) to recover 
it in a suitable solvent for GC-MS analysis. The flash chromatograms obtained during the 
isolation process and the fractions containing 3 are shaded are shown in Figure 5.11. Since 
GC-MS analysis suggested 3 to correspond to α-cyperone, the isolated compound was 
compared by GC-MS2 to a commercially available α-cyperone standard confirming 3 as 
α-cyperone (Figure AIV.1 in Appendix IV). The flash chromatography detectors are an 
evaporative light scattering detector (ELSD) and a diode array detector (DAD). While 
volatile compounds are invisible to the ELSD, compounds lacking a conjugated π-system 
(alternated double or triple bonds), like the putative 1 and 2, are theoretically invisible to 
the DAD because their maximum UV-Vis absorbance is under 200 nm. Hence, the 
isolation of 1, 2 and 4 from the complex extract obtained from P. nodorum may become 
highly inefficient and labour intensive and a different approach to identify these 
molecules was required. 
 
 
 
Figure 5.11. Isolation of 3 from P. nodorum extract by flash chromatography. SiO2 
fractions used for the subsequent C18 fractionation and C18 fractions used for NMR are 
shaded and the presence of the sesquiterpene is indicated with its number. 
 
 
 
 
3 
3 
SiO2 
C18 
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5.3.4. The heterologous expression of Sts01 and Sts02 in yeast 
To confirm the identity of 1 and 2 as eudesma-4,11-diene and β–elemene respectively as 
the GC-MS analysis suggested, and to identify 4, Sts01 and Sts02 were heterologously 
expressed in yeast by Dr. Hui-Yeng Y. Yap. Acetone extracts from small scale cultures 
of the yeast strains harbouring the sesquiterpene synthases were analysed by GC-MS and 
the production of 1, 2 and 4 by the heterologous expression of Sts02 and Sts01 was 
confirmed (Figure 5.12). Nonetheless, 3 was not detected, suggesting that it is produced 
later by the modification of 1.  
 
 
Figure 5.12. GC-MS of the products from Sts01 and Sts02 heterologouly expressed in 
yeast. Overlaped chromatograms of extracts from yeast harbouring Sts01 (red), Sts02 
(green) and an empty vector (orange). The presence of 1, 2 and 4 is indicated with their 
correspondent number. 
 
To purify sufficient quantities of 1, 2 and 4, medium scale yeast fermentations (five litres) 
were prepared. The resulting yeast was pelleted and subjected to acetone extraction to 
recover non-polar and medium-range polarity compounds. Acetone was removed in 
vacuo and MeCN and hexane added to perform an organic partition. Non-polar 
compounds were recovered from the hexane layer while the more polar compounds were 
retained in the aqueous phase containing the MeCN. The hexane extract was fractionated 
by SiO2 flash chromatography followed by GC-MS of all fractions. Although the 
maximum absorbance wavelength for non-conjugated π-systems is under 200 nm, 1, 2 
and 4 showed enough absorbance at 200 nm to be detected by the DAD. Figure 5.13 A 
and B show the flash chromatograms for the isolation of 1 and 4 from yeast respectively. 
GC-MS chromatogram of extracts from yeast harbouring Sts01 and Sts02 
1 
4 
2 
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The metabolites profiles generated from the yeast expression were significantly less 
complex than those derived from P. nodorum (Figure 5.11). Nonetheless the isolated 
amount of 2 was insufficient to perform the subsequent analyses. 
C18 flash chromatography was subsequently performed on the SiO2 fractions containing 
the terpenes. GC-MS analysis on the resulting C18 fractions (22% H2O 78% MeCN for 
1 and 28% H2O 72% MeCN for 4) showed that the major product of Sts01 is 4 but it also 
produces 14 other unidentified terpenes (Figure 5.14). As for Sts02, its major product is 
1 followed by 2 plus 9 other unidentified sesquiterpenes (Figure 5.15). 1 and 4 were 
considered pure enough to proceed with the NMR analysis in order to identify them.
   
 
Figure 5.13. Isolation of 1 (A) and 4 (B) from yeast extracts by flash chromatography. 
SiO2 fractions used for the subsequent C18 fractionation, and C18 fractions used for 
NMR are shaded. Presence of the sesquiterpenes is indicated with their correspondent 
number. 
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5.3.5. NMR and MS2 identification of eudesma-4,1-diene (1), β-elemene (2), α-
cyperone (3) and acora-4,9-diene (4) 
To elucidate the structure of 1, 3 and 4, NMR experiments were performed on the isolated 
compounds. However, the solvent system (H2O-MeCN) used for the isolation of the 
sesquiterpenes was not suitable for the NMR analysis. As such, 1, 3 and 4 were firstly 
extracted from their fractions with isopentane. Isopentane has a very low boiling point 
which helps to reduce the solvent remnants after its removal in vacuo. Since the 
hydrogens in the solvents produce proton interference on the NMR experiments, the 
samples need to be dissolved in deuterated solvents where all H1 have been exchanged 
by deuterium (H2 or D).  CDCl3 was employed to prepare the sesquiterpene samples. The 
isolated compounds were subjected to H1 NMR, C13 NMR, HMBC and HSQC 
experiments leading to the confirmation of 1 and 3 as eudesma-4,1-diene and α-cyperone 
respectively, and the identification of 4 as acora-4,9-diene. The analysis of NMR data for 
the identification process is presented below.  
The obtained spectra are compiled in Appendix IV. Summarising this data, Tables 5.6 to 
5.8 present the assignments and chemical shifts (δ) for all carbons and the corresponding 
hydrogens plus the correlations obtained from the HMBC experiment for 1, 3 and 4 
respectively. The numbers in the left column indicate the carbon numbers that can be 
observed in Figures 5.16 and 5.19 (the numbering for 1 and 3 is the same since both have 
the same carbon backbone). The values of the chemical shifts for the carbons (C δ) and 
protons (H δa and H δb) are presented in ppm and correspond to the values on the x axis of 
the 1D NMR spectra. The right column shows for each carbon, the atom number of the 
protons correlating at 2 to 4 bonds distance as found in the HMBC spectra. Results from 
the HSQC are not explicitly presented but were used to attribute all hydrogens to their 
respective carbons. H NMR spectra is contaminated with water, fats and other minor 
impurities that make obtaining the multiplicity (and coupling constants) and integration 
difficult. When the signals were not clear enough to obtain the chemical shifts from the 
H NMR spectra, data was collected from the HSQC experiment. 
By comparing the MS from the GC-MS analysis to the NIST library, 1 was putatively 
identified as eudesma-4,1-diene with a relatively confident score. NMR experiments 
(Table 5.6) were used to validate this structure and no de novo structure elucidation was 
performed. From the H NMR of 1 (Figure AIV.2 in Appendix IV) the key signals 
corroborating the eudesmadiene structure are the two singlets found at 4.70 and 4.72 ppm 
corresponding to the vinylic protons of the isopropenyl group (H from C12), the singlets 
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at 1.04, 1.61 and 1.75 ppm corresponding to the three methyl groups (H from C13-15), 
and the doublet at 2.54 ppm corresponding to the proton on carbon C6. From the C NMR 
(Figure AIV.3 in Appendix IV) the presence of 15 signals meaning 15 carbons confirms 
the sesquiterpenic nature of the molecule. Additionally, the four quaternary carbons (short 
signals in Figure AIV.3 in Appendix IV), three of them at low field (151.01, 135.04 and 
124.69 ppm) (C5, C4 and C11) and one at high field (34.64) (C10), agree with the 
eudesmadiene squeleton assigned by GC-MS. The correlations from HMBC (Figure 
AIV.5 in Appendix IV) confirm the position of the isopropenyl moiety in C7 (Figure 
5.16A) and the other two methyl groups in C4 and C10 (Figure 5.16B and C). All data 
collected NMR supports the identity of 1 as eudesma-4,11-diene as the GC-MS analysis 
suggested. 
 
 
Table 5.6. NMR data for 1 (300MHz, CDCl3). Chemical shifts (δ) for C (C13 NMR) and 
H (H1 NMR) and CH correlation at 2-4 bonds distance (HMBC) are presented. 
 
Carbon 
number 
C δ 
(ppm) 
Hδa 
(ppm) 
Hδb 
(ppm) 
HMBC 
C H 
1# 40.45 1.32 1.5 14 
2 19.26 1.57   
3 33.32 1.89 1.99 15 
4 124.69 - - 15 
5 135.04 - - 14, 15 
6 30.91 2.54   
7 46.98 1.87 - 13 
8 27.83 1.59   
9# 42.44 1.29 1.51 14 
10 34.64 - - 14 
11 151.01 - - 13 
12 108.19 4.70 4.72 13 
13 21.03 1.75 - 12 
14 24.8 1.04 -  
15 19.44 1.61 -  
# Data no enough to distinguish between C1 and C9 
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Figure 5.16 HMBC correlations for 1. A: signals confirming the position of the 
isopropenyl group at C7; B: signals confirming the methyl at C4; C:  signals confirming 
the second methyl at C10. The arrows indicate the correlations C H from the HMBC 
(Table 5.6 and Figure AIV.5) 
 
 
Compound 3 was also putatively identified by GC-MS and there was no need for de novo 
structure elucidation. The identity of 3 as α-cyperone was corroborated with the NMR 
data (Table 5.7). The H NMR of 3 (Figure AIV.6 in Appendix IV) is very similar to the 
spectra obtained from 1. Since the eudesma-4,11-diene and the α-cyperone have the same 
core structure the spectral resemblance supports the putative MS identification and the 
idea of 1 being modified by the oxidation of C3 to produce 3. However, clear differences 
are found between the spectra of 1 and 3 that are explained by the presence of the ketone 
on C3. The ketone group draws electronic density from the protons in C2 shifting the 
signals to lower field (from 1.57 in 1to 2.52 and 2.40 ppm in 3); the methyl group at C4 
is also affected causing the signals from C13 and C15 protons to come together around 
1.8 ppm. Similar effects are observed in the C NMR (Figure AIV.7 in Appendix IV) 
where the signal from C3 shifts from 33.32 in 1to 199.29 ppm in 3, C2 from 19.26 to 
33.98 and through the conjugated π system comprising the double bonds C3=O and 
C4=C5, C5 is also affected (from 135.04 to 162.31 ppm). The correlations from the 
HMBC spectrum (Figure AIV.9 in Appendix IV) also confirm the disposition of the 
isopropylene and methyl groups within the sesquiterpene squeleton (Figure 5.17). 
Furthermore, the obtained results, plus the comparison of 3 with a commercial standard 
of α-cyperone (Appendix IV) and the fact that the NMR signals correspond to those 
reported in the literature, irrefutably establish the identity of 3 as α-cyperone (Krohn et 
al., 2007, Morimoto & Komai, 2005). 
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Table 5.7. NMR data for 3 (300MHz, CDCl3). Chemical shifts (δ) for C (C13 NMR) and 
H (H1 NMR) and CH correlation at 2-4 bonds distance (HMBC) are presented. 
 
Carbon 
number 
C δ 
(ppm) 
Hδa 
(ppm) 
Hδb 
(ppm) 
HMBC 
C H 
1 37.63 1.78* - 14 
2 33.98 2.52  2.40  
3 199.29 - - 15 
4 128.99 - - 15 
5 162.31 - - 14,15 
6 33.09 2.74  -  
7 46.09 2.04* - 12b,13 
8 27.06 1.68* 2.03  
9 42.09 1.68* 1.43 14 
10 36.00 - - 14 
11 149.34 - - 13 
12 109.36 4.78 4.73 13 
13 20.82 1.78* - 12a 
14 22.68 1.22 -  
15 11.09 1.77* -  
*Signals not clear on H NMR, values obtained from HSQC 
 
 
 
 
Figure 5.17 HMBC correlations for 3. A: signals confirming the position of the 
isopropenyl group at C7; B: signals confirming the methyl at C4; C:  signals confirming 
the second methyl at C10. The arrows indicate the correlations C H from the HMBC 
(Table 5.7 and Figure AIV.9). Due to the common carbon skeleton and biosynthetic 
origin, carbon numbering of 3 is the same as compound 1 (Figure 5.16)  
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Since the GC-MS proposed structure for 4, isosativene, gave a low score (Figure 5.14), 
the structure of the isolated compound needed to be elucidated with the aid of NMR data 
(Table 5.8). The mass of 4 obtained from GC-MS indicates it contains 15 carbons and 24 
hydrogens. Calculating the degree of unsaturation (DU) of 4 with equation 5.1, it results 
in a DU of 4 which means that the number of cycles and π bonds (one per double bond, 
two per triple bond) sums 4. C NMR of 4 (Figure AIV.11 in Appendix IV) has four signals 
between 120 and 150 ppm, two of them are quaternary carbons, suggesting the presence 
of two double bonds.  Therefore to obtain a DU of four this molecule has to contain two 
rings.  
𝐷𝑈 = 1 +
1
2
(∑ 𝑛𝑖
𝑖
(𝑣𝑖 − 2)) 
Equation 5.1. Degree of unsaturation (DU). Were ni the number of atoms and vi the 
formal valence of the element i in the molecule (Badertscher et al., 2001). 
 
Table 5.8. NMR data for 4 (300MHz, CDCl3). Chemical shifts (δ) for C (C13 NMR) and 
H (H1 NMR) and CH correlation at 2-4 bonds distance (HMBC) are presented.  
 
Carbon 
number 
C δ 
(ppm) 
Hδa 
(ppm) 
Hδb 
(ppm) 
HMBC 
C H 
1 47.94 - - 2a, 2b+ 
2 26.78 1.58* 1.67 3b 
3 34.77 1.78 2.09 2a 
4 149.09 - - 2b+, 15 
5 123.97 5.27 - 15 
6 29.22 1.98*  2a, 2b+, 14+ 
7 28.4 1.83 - 12, 13 
8 32.63 1.97 2.18 7, 14+ 
9 121.6 5.38 - 14+ 
10 134.4 - - 2a, 2b+, 14+ 
11 55.49 1.65* - 12, 13 
12 21.48 0.81 - 7, 11+, 13 
13 23.29 0.93 - 12 
14 23.99 1.66* -  
15 15.29 1.6* -  
*Signals not clear on H NMR, values obtained from HSQC 
+HMBC correlations with H 2b, H11 and H14 are temptative because signals are too close 
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HSQC experiment provides information on the number of protons attached to a carbon; 
broadly CH2 will have positive (or negative) signal displayed as one colour, CH3 and CH1 
will have the opposite signal showed as a different colour. HSQC in Figure 5.18 shows 
the presence of the signals at high field (exclude the vinylic atoms), six of them are either 
CH3 or CH. Two of these in the H NMR (Figure AIV.10 in Appendix IV)  are doublets 
at 0.8 and 0.9 ppm which suggest an isopropyl group; the confirmation of the isopropyl 
is found in the correlations obtained from the HMBC spectra allowing the assignment of 
two CH (C7 and C11) and two CH3 (C12 and 13) (Figure 5.19A). The remaining pair of 
CH3 (C14 and C15) can also be assigned to each of the two double bonds (Figure 5.19B 
and C). Considering that farnesyl is the biosynthetic origin of sesquiterpenes with all the 
previous data and the remaining HMBC correlations, the identity of 4 is proposed to be 
the acora-4,9-diene. The comparison of the NMR data to the previously published data 
confirmed the identity of 4 (Chen & Lin, 1993). 
 
 
 
Figure 5.18 HSQC correlations at high field for 4. CH3 and CH in red; CH2 in blue. 
Full HSQC spectrum in Figure AIV.12 (Appendix IV). 
 
 
(ppm) 
(p
p
m
) 
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Figure 5.19 HMBC correlations for 4. A: signals confirming the position of the isopropyl 
group at C7; B: signals confirming the methyl at C10; C:  signals confirming the second 
methyl at C4; D: Additional signals that contribute to assign the connectivity in the six 
membered ring (C1-6). The arrows indicate the correlations C H from the HMBC 
(Table 5.8 and Figure AIV.13) 
 
 
The isolation of 2 from the heterologous system in quantities allowing NMR experiments 
was not possible and its identity was confirmed by GC-MS2.  The acetone extract from 
yeast carrying Sts02 was compared against a commercial β-elemene standard by GC-MS2. 
Figure 5.20 A and B show the RT and MS for 2 correspond to the ones obtained from the 
β-elemene standard. Furthermore, panels C to F present the comparison between the MS2 
of selected ions (93, 107, 142 and 189 m/z) from the yeast isolated sample and the 
standard. The similarities between both MS2 spectra for each ion, plus the correspondence 
of RT and MS demonstrate the identity of 2 as the sesquiterpene β-elemene. 
 
 
Figure 5.20 (next page). MSMS Identification of β-elemene showing the MS 
chromatogram (A), MS spectrum (B) and MS2 spectra of ion 93+ (C), 107+ (D), 147+ (E) 
and 189+ (F). All panels compare acquired data from the spectra (above), and the P. 
nodorum sample (below).  
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5.3.6. Attributing the observed bioactivity 
5.3.6.1. Sts01 and Sts02 role remains unknown 
The data above have demonstrated that Sts01 is responsible for the biosynthesis of acora-
4,9-diene, and Sts02 for eudesma-4,1-diene and β-elemene. Following the central dogma 
of molecular biology to an expanded point of view (DNA  RNA  proteins  
phenotype/chemotype  ecological effect), the possible role of the sesquiterpenes 
produced by Sts01 and Sts02 was investigated. The volatile activity of SN15, Δsts01 and 
Δsts02 mutants, Sts02 complemented strain, and the yeast harbouring these biosynthetic 
genes, was tested using the segmented plate assay. Although no significative difference 
was found among the different strains, as an example to illustrate these results, Figure 
5.21 presents the outcome of the segmented petri dish experiment using SN15 and Δsts02; 
while wheat seedlings have good growth on the control plate, those seedlings exposed to 
SN15 and Δsts02 VOCs are completely stunted. Similarly, low concentrations of S. 
multivorum inoculum show no growth when SN15 or Δsts02 are present but normal 
growth was observed in the control. Self-inhibition was also observed in P. nodorum 
independent of the VOCs source. These results were similar to those obtained when 
testing Δsts01 (data not shown), thus, no biological role can be attributed to the volatile 
sesquiterpenic products of Sts01 and Sts02.   
The role of the Sts01 and Sts02 terpenes in pathogenicity was evaluated by an attached 
leaf sprayed inoculation assay on wheat (Axe) using all mutants described previously and 
SN15 (Figure 5.22). Disease progression was the same among SN15, Δsts01, Δsts02 and 
Δsts02::STS02 mutants hence, no role in pathogenicity was found for the identified 
sesquiterpenes on the Axe wheat line and under the conditions assayed. However, Δsts03 
mutants showed reduced disease severity revealing a possible involvement of Sts03 in 
pathogenicity, but further testing is required to confirm this since Δsts03 strains have 
multiple insertions of the KO cassette. 
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5.3.6.2.  The five most abundant P. nodorum VOCs are phytotoxic 
The fact that P. nodorum strains impaired in sesquiterpene production retained the 
bioactivity observed in SN15 suggested that other volatiles were responsible for the 
phytotoxicity and self-inhibition observed during these experiments. The effect of the five 
most abundant volatiles in Fries cultures (3-methyl-1-butanol, 2-methyl-1-butanol, 2-
methyl-1-propanol, 2-phenylethanol and ethyl acetate) wheat seedling development and 
P. nodorum growth was investigated. These compounds were tested independently at an 
atmospheric concentration of 1 mM and in a mixture, in the proportions found in vitro, at 
a concentration of 100 ppm. Neither the independent VOCs nor the mixture produced any 
effect on P. nodorum growth (data not shown). In contrast, wheat was strongly inhibited. 
Figure 5.23 and 5.24 present the inhibition caused by the pure VOCs and the VOCs 
mixture over the germination, radicle and coleoptile elongation of wheat. Significant 
decrease in germination was observed in the 3-methyl-1-butanol treatment having an 
inhibition of 36% but no other treatment had a significant effect on germination. 
Furthermore, both, radicle and coleoptile elongation were repressed in all treatments 
except ethyl acetate. 3-methyl-1-butanol showed the greatest inhibition (100% and 83% 
respectively) whilst 2-methyl-1-propanol showed the least inhibition (36% and 31% 
respectively) (Figure 5.24). Interestingly, all Petri dishes containing either the pure 
volatiles or the mixture displayed the characteristic aroma of the tested molecules except 
those were ethyl acetate was used, indicating that the ethyl acetate diffused out during the 
test; thus, there is low confidence on the observations made on the ethyl acetate activity.  
 
 153 
 
 
Figure 5.23. Effect of the main VOCs produced by P. nodorum on wheat seedling 
development. 3-methyl-1-butanol, 2-methyl-1-butanol, 2-methyl-1-propanol, 2-
phenylethanol and ethyl acetate were placed on filter paper (white square) to obtain a 1 
mM atmospheric concentration. A mixture of these compounds was also tested at an 
atmospheric concentration of 100ppm. 
 
 
 
Figure 5.24. Inhibition of wheat seedling development by the main VOCs produced by 
P. nodorum. The highest the bar represents the highest inhibitory activity, this is less 
germination or growth. 3-methyl-1-butanol, 2-methyl-1-butanol, 2-methyl-1-propanol, 2-
phenylethanol and ethyl acetate were tested at 1 mM while the mixture was evaluated at 
100ppm.  
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5.4. Discussion 
5.4.1. P. nodorum sesquiterpenes, rare in fungi but common plant 
molecules. 
It has been previously shown that VOCs can modulate physiological processes involved 
in pathogenicity. In the Faba-bean rust, Uromyces fabae, the formation of haustoria is 
promoted by nonanal, decanal, and hexenyl acetate (Mendgen et al., 2006). Other 
volatiles have a direct effect over the plant or microbial competitors. It is plausible that 
P. nodorum VOCs may play a role in the regulation of fungal development during plant 
infection, microbial antagonism and/or plant metabolism. It is clear that the VOCs 
produced by P. nodorum when grown on Fries agar portray allelopathic properties. Anti-
bacterial, phytotoxic and self-inhibiting activities were observed (Figure 5.5). However, 
the role of the sesquiterpenes present in the volatile mixture remains unclear. Some 
sesquiterpenes are known phytotoxins and antimicrobials (examples close to or 
structures). Furthermore, the phytotoxic sesquiterpene botridial from Botrytis cinerea has 
a role in both pathogenicity and self-inhibition (Durán-Patrón et al., 2004). Another 
example of a self-inhibiting sesquiterpene in fungi is the volatile thujopsene, produced by 
Penicillium decumbes, which inhibits not only itself but also other fungi (Polizzi et al., 
2011). However, data regarding eudesma-4,11-diene (1), β-elemene (2), α-cyperone (3) 
and acora-4,9-diene (4) in a fungal context is scarce (Figure 5.25).  
 
 
Figure 5.25. Identified sesquitepenes present in P. nodorum VOCs 
 
Eudesma-4,11-diene has been detected in many plants as a minor component of VOCs 
mixtures or essential oils associated with several biological activities (Yoshida et al., 
1967, Chu et al., 2011, Lee & Vairappan, 2011, Takahashi et al., 2011, Wang et al., 
2011). This sesquiterpene has also been detected in basidiomycete and ascomycete fungi 
as well as in actinomycetes, however no biological activity of eudesma-4,11-diene has 
been found in either fungi or bacteria (Rösecke et al., 2000, Ayoub et al., 2009, Brock & 
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Dickschat, 2013, Rabe et al., 2013, Yuan et al., 2013). Furthermore, soldier termites from 
different species and the scale insect Ceroplastes ceriferus are known to produce 
eudesma-4,11-diene within a mixture of other sesquiterpenes (Naya et al., 1978, 
Braekman et al., 1993, Krasulova et al., 2012). Similarly, β-elemene has been isolated 
extensively from plants and also termites, aphids, butterflies and lady beetles however no 
function has been attributed to it (Bowers et al., 1977, Baker et al., 1981, Everaerts et al., 
1993, Quintana et al., 2003, Omura et al., 2006, Adio, 2009, Fassotte et al., 2014). 
However, occurrence of β-elemene in fungi is barely reported and the role among 
microorganisms is unknown; the production of β-elemene has been described from the 
ascomycetes Peniccillium clavigerum, Penicillium roqueforti and an endophytic 
Nodulisporium, and the basidiomycetes Inonotus obliquus and Piptoporus betulinus 
(Fischer et al., 1999, Rösecke et al., 2000, Jeleń, 2002, Ayoub et al., 2009, Sanchez-
Fernandez et al., 2016). Less frequently found but still produced by several plants, α-
cyperone was initially isolated from the rhizomes of Cyperus rotundus, a medicinal plant 
but also an invasive grass (Bradfield et al., 1936). Essential oils from C. rotundus have, 
anti-microbial, phytotoxic, insecticidal, anti-inflammatory and anti-malarial properties, 
among others, and most of them are associated with the presence of α-cyperone (Komai 
et al., 1977, Dadang et al., 1996, Mojab et al., 2009, Pirzada et al., 2015). Nonetheless 
the only report of α-cyperone in fungi, is from an endophytic Ascochyta, which shows the 
opposite stereochemical configuration to the isolated α-cyperone from plants (Krohn et 
al., 2007). The stereochemistry of the compound isolated in this work was not determined 
but it is highly possible that they have the same configuration as the structure produced 
by Ascochyta, a related dothidiomycete to P. nodorum. Consequently, the biological 
activities reported for α-cyperone isolated from plants would not necessarily reflect the 
possible activities of the compound produced by P. nodorum. 
The diversity of producing organisms regarding eudesma-4,11-diene, β-elemene and α-
cyperone, and the broad range of biological activities that have been associated with these 
compounds and mixtures containing them, indicate that these SMs can induce multiple 
effects in a wide set of organisms. In contrast, reports of the isolation of acora-4,9-diene 
from natural sources are fewer; it has been found only in plants: in the oils of vetiver 
(Chrysopogon zizanioides) and carrot (Daucus carota) seeds, and in glandular trichome 
exudates from leafs of Japanese rose (Rosa rugosa). No biological activity or function 
has yet been described  (Kaiser & Naegeli, 1972, Hashidoko et al., 1992, Mazzoni et al., 
1999).  
 156 
 
The multiple bioactivities reported for eudesma-4,11-diene and α-cyperone, plus the 
uncertainty about the stereochemistry of β-elemene and the lack of data regarding acora-
4,9-diene, make it a difficult task of proposing possible ecological roles for these 
molecules in our system of study.  Furthermore, no effect on pathogenicity, phytotoxicity, 
anti-microbial or self-regulating properties were directly related to Sts01 and Sts02 
sesquiterpenes. Even though, the fact that these SMs are produced in planta, may indicate 
their involvement in the fungal-plant interaction, either by having a direct effect on the 
host or by providing P. nodorum with a “competitive” advantage among other plant-
associated organisms. The possible involvement of the sesquiterpenes in pathogenicity 
cannot be discarded by the fact that no effect was observed in our tests; stimulation or 
repression of physiological processes that contribute to increased successful rates of 
infection or microbial fitness will not show an effect on common pathogenicity test since 
the spore concentrations employed ensure disease development. Furthermore, these 
molecules may also play a role in cultivars that are less susceptible to the proteaceous 
effectors. 
5.4.2. Short chain alcohols are responsible for the phytotoxicity of P. 
nodorum VOCs 
Even though the sesquiterpenes could not be linked directly to a particular biological 
activity, the short chain VOCs produced by the pathogen in Fries media have a significant 
effect on the in vitro ability of P. nodorum to interfere with other organisms. Of particular 
interest is the fact that P. nodorum VOCs cause a reduction in growth of P. nodorum 
itself. This avenue can lead to increase our restricted knowledge about fungal chemical 
communication; and ideally, to applications that help to mitigate the millions of dollars 
of losses caused by SNB.  
The four most abundant molecules identified among P. nodorum VOCs have been 
reported to have an effect on fungi. These alcohols are produced by different yeasts and 
promote the formation of pseudohyphae in S. cerevisiae as well as having auto-inhibitory 
activity over C. albicans (Lingappa et al., 1969, Hogan, 2006, Chauhan et al., 2013). 
Additionally 3-methyl-1-butanol and 2-methyl-1-butanol have a strong inhibitory effect 
in Sclerotinia sclerotiorum (Fialho et al., 2011). Phenyl ethyl alcohol has also been 
reported to have effects on fungi and it inhibits the growth of Aspergilus flavus, 
Neurospora crassa and Penicilium ssp., among others by affecting gene expression and 
interfering in epigenetic regulation (Lester, 1965, Hua et al., 2014, Liu et al., 2014). 
Interestingly, a recent report highlights the hormetic behaviour of Phenyl ethyl alcohol: 
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at low concentrations of this volatile, the growth of A. flavus instead of being reduced is 
stimulated (Chang et al., 2015). All this data suggests that phenyl ethyl alcohol and the 
other small alcohols may be involved in metabolic regulation and could be generalised 
communication signals in fungi. Furthermore, given the wide spectra of organisms 
producing these molecules, one could hypothesise that communication occurs at various 
levels ranging from interspecific to inter-kingdom crosstalk. Interestingly, the main 
VOCs tested in this section did not produce an observable effect on P. nodorum 
development. 
In addition to the effect in fungi, the alcohols found within P. nodorum VOCs have been 
reported to affect also the development of plants and bacteria. Similar to our results, 
VOCs from Tuber ssp. fruiting bodies inhibited Arabidopsis thaliana development 
(Splivallo et al., 2007). 3-methyl-1-butanol and phenyl ethyl alcohol found in truffle 
VOCs inhibited A. thaliana germination at 130 and 13 ppm respectively, and the aromatic 
alcohol also caused discoloration of the cotyledons of germinated seedlings at 130 ppm. 
However, this effect contrasts with the observations made on the promotion of A. thaliana 
growth by rhizobacterial volatiles containing 3-methyl-1-butanol, 2-methyl-1-butanol 
and 2-methyl-1-propanol (Ryu et al., 2003, Farag et al., 2006). It is possible that the 
proportion of different volatiles may cause this contrasting effect. Changes in microbial 
soil populations can be monitored by analysing the soil VOCs (McNeal & Herbert, 2009). 
Interaction between organisms can be seen as biological networks that interweave at 
different levels (Pritchard & Birch, 2011). Considering all this, it can be proposed that 
common volatile metabolites may help to coordinate these networks by allowing the 
involved organisms to eavesdrop on the communication signals from their neighbours. 
However, the possibility of some substances having a synergistic effect or being the minor 
components of the causal agents of the bioactivity cannot be excluded. 
5.4.3. The characterization of P. nodorum Sts will contribute to future SM 
genome mining studies 
In addition to highlighting the bioactivity of P. nodorum VOCs and presenting the first 
sesquiterpenes reported for this wheat pathogen, this work has provided further 
biosynthetic data on fungal sesquiterpenes by linking the Sts coding genes to their final 
product. Basic Local Alignment Tool (BLAST) to find homologous proteins to Sts01 and 
Sts02 showed that Sts01 is related to trichodiene synthase while Sts02 is similar to 
aristolochene synthase. The sequence differences between P. nodorum Sts and their 
characterized homologs, along with the structural differences of their final products 
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increases our knowledge which may improve the empiric predictions on the products of 
coded Sts. 
The mechanisms for the production of tricodiene and aristolochene require the FPP to be 
cyclised first into a bisabolyl and a germacranyl cation respectively. This is coherent with 
the fact that acora-4,9-diene and the other 14 putative sesquiterpenes produced by Sts01 
should come from a bisabolene intermediary and eudesma-4,11-diene, β-elemene  and 
the 10 other putative sesquiterpenes generated by Sts02 are synthetised through a 
germacranyl cation (Figure 5.26).  The prolificacy or reaction promiscuity (not to be 
confused with substrate promiscuity) of these enzymes is a well-known characteristic of 
terpene cyclases and seems to be related to the fact that generally Sts proteins play a minor 
part in the chain reaction that follows the carbocation formation. Consequently, Sts 
proteins with a larger involvement on these subsequent reactions may yield fewer 
products or even a single structure (Christianson, 2008). From a perspective of non-
specific interactions, the secretion of a wide spectrum of sesquiterpenes, or substances in 
general could be beneficial since it increases the possibility causing an effect on the 
surrounding organisms. However, in specific interactions the waste of energy producing 
many things is not desirable.  
 
 
 
Figure 5.26 Farnesyl pyrophosphate folding pattern of P. nodorum Sts01 and Sts02 
 
Regarding Sts03, it was not surprising that no disappearance of sesquiterpene signals were 
observed when analysing the chromatographic profiles of sts03 KOs: previously 
published microarray analysis data suggests that Sts03 is not expressed either in planta or 
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in vitro (Figure 5.27). Nonetheless, the phytopathogenicity assay revealed reduced 
pathogenicity of Δsts03, which could be due to the disruption of Sts03 or to a secondary 
KO caused by the random insertion of a disruption cassette copy. Furthermore, a 
conserved domain analysis on Sts03 (SNOG_10024) shows it has been mis-annotated 
since it codes for half isoprenoid biosynthetic enzyme while the immediate subsequent 
gene (SNOG_10025) codes for the other half (Figure 5.28). The genomic region from 
SNOG_10024 to SNOG_10025 is homologous to many Cochliobolus: C. carbonarum, 
C. heterostrophus, C. lunatus, C. miyabeanus, C. sativus and C. Victoriae. This suggests 
that SNOG_10024 and SNOG_10025 are in fact a single gene corresponding to the full 
length Sts03. In the Joint Genome Institute MycoCosm portal 
(http://genome.jgi.doe.gov/programs/fungi/index.jsf) it can be seen that despite the 
annotations in these region for Cochliobolus spp. showing two different genes, ab initio 
predictions by Fgenesh and the GeneMark method produce a single gene model. The 
distribution of these Sts03 homologs among these pathogens may support the hypothesis 
of a possible pathogenicity role of this gene. However, the correct full length Sts03 
sequence needs to be found and the generation of single copy Sts03KOs is required to 
further investigate and characterize this gene and its involvement in pathogenicity. 
 
 
Figure 5.27. In planta and in vitro relative expression of the P. nodorum Sts’s. Data 
obtained from microarray data presented by Ipcho et al. 2012. (Ipcho et al., 2012) 
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5.5. Conclusions 
VOCs from fungi have been understudied despite the fact that many biological 
interactions are established through these compounds. This experimental work has 
demonstrated that P. nodorum VOCs are biologically active. Volatiles produced in vitro 
cause an effect on wheat seedling development and display self-inhibitory behaviour in 
P. nodorum in addition to mild antibacterial properties. The observed effect over wheat 
seedlings seems to be caused by the main VOCs produced by P. nodorum: 3-methyl-1-
butanol, 2-methyl-1-butanol, and 2-phenylethanol. Interestingly these compounds are 
frequently detected as microbial VOCs. However, the self-inhibiting activity could not be 
related to a particular compound. The observed effects could be caused by individual 
minor components of the VOCs bouquet or by the proportions of different components 
playing a signalling role or having a synergistic effect. 
 
Within the VOCs mixture several sequiterpenes were detected making this the first report 
of terpenes in P. nodorum. Several volatile sesquiterpenes are bio-synthetised in planta 
and in vitro by P. nodorum by Sts01 and Sts02. Sts01 produces acora-4,9-diene (4) plus 
14 other products while Sts02 produces eudesma-4,11-diene  (1), β-elemene  (2) and at 
least 10 other products. These multiple products can undergo later modifications by 
tailoring enzymes increasing the sesquiterpenic diversity. Such is the case of eudesma-
4,11-diene which is oxidised to give α-cyperone (3). Further studies are required to 
elucidate the ecological role of these molecules. Nevertheless, the characterization of the 
acoradiene synthase, Sts01, and the eudesmadiene synthase, Sts02, fundamentally 
advances fungal secondary metabolism research by providing increased background 
knowledge needed to perform empirical prediction of secondary metabolites from 
genome mining tasks. Unfortunately, Sts03 has been mis-annotated and further studies 
need to be done to characterise this gene. 
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6. General discussion 
 
 
Each section of this project has been analysed independently as they focus on different 
facets of P. nodorum SMs. However here I will attempt to link them whilst placing the 
study as a whole in the context of the literature. In each chapter a key feature was the 
detection of mellein derivatives and their absence in planta leading me to propose the 
existence of an as yet unidentified active mellein derivative. This unidentified active 
mellein derivative may play an ecological role in fungal antagonism or in the plant-fungus 
interaction. However there are bottlenecks in proposing ecological roles for the SMs; this 
constitutes the second section of this discussion where some of the limitations are 
discussed. However in the third section, I put forward a theoretical discussion on possible 
roles for the identified P. nodorum sesquiterpenes. A fourth section proposes that 
common approaches to understand pathogenicity factors need to be widened and a more 
holistic view is required when studying SMs in an ecological context. Finally, the limits 
and significance of this project, its future perspectives and some concluding remarks are 
presented. 
6.1. The mellein derivatives, constitutively expressed metabolites 
Throughout this project P. nodorum has demonstrated a high capacity to generate a wide 
spectrum of medium range polarity metabolites, a category where most of the known 
secondary metabolites fall. However, the vast majority of these compounds remain 
unknown. This work has demonstrated that these compounds are produced in vitro and in 
planta, in axenic cultures and during interactions, some are also secreted, either as 
diffusible compounds or as volatiles, and some are not. In almost all conditions presented 
in this thesis, the constant is the production of mellein derivatives, with the exception of 
the in planta assays. Although several biological activities have been reported for mellein 
and its derivatives, and the levels of in planta expression of the “mellein synthase” are 
significant, no evident ecological role for the melleins has been demonstrated (Chooi et 
al., 2015a). Despite the biosynthetic gene being expressed, one explanation of the in 
planta absence of mellein and its known derivatives may be the synthesis of a different 
mellein derivative. The products of core SM biosynthetic enzymes are frequently 
modified by “tailoring” enzymes which modify the functional groups of the basic scaffold 
(Brakhage, 2013).  Such modifications can be observed in the known methylated mellein 
derivatives, but other modifications such as glycosylation are possible. Glycosylation is 
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the attachment of a carbohydrate moiety and secondary metabolites are often found in a 
glycosylated forms. The presence of the sugar can modify properties such as solubility, 
transport, and bioavailability but may also contribute to the biological activity shown by 
the glycoside (Křen & Řezanka, 2008). Another source of structural diversity is the use 
of an alternative starter unit in the biosynthesis of the core structure instead of acetyl 
starter unit, or even the use of the mellein as a starter unit of a second SM (Staunton & 
Weissman, 2001, Moore & Hertweck, 2002). The number of genes involved in the 
production of SMs could be one or could be dozens: while only one gene is enough to 
produce alternariol, the gene cluster responsible for the production of sterigmatocystin 
and aflatoxins in Aspergilus spp. involves 25 genes (Brown et al., 1996, Yu et al., 2004, 
Chooi et al., 2015b). In this sense, it would be plausible that mellein represents one step 
of a biosynthetic pathway of a more complex SM serving as a template for subsequent 
enzymes. An alternative hypothesis explaining of the absence of in planta melleins is the 
possibility of wheat bio-transforming these compounds into non-toxic products. This also 
represents one of the many explanations as to why the deletion of the mellein synthase 
causes no observable effect on pathogenicity, however further testing is required. The 
rationale presented in this paragraph can also be applied to each biosynthetic gene in P. 
nodorum stressing further P. nodorum biosynthetic potential. 
The constitutive expression of the mellein synthase represents a constant expenditure of 
resources by P. nodorum. The metabolic cost will not be favourable to the pathogen 
unless the production of the mellein derivatives represents a higher benefit than the 
expense. Thus, the products of the mellein synthase must have important bio-ecological 
roles. In chapter 4, it was suggested that Z. tritici transforms a toxic mellein derivative 
into O-methylmellein as a mean to reduce its toxicity. Thus, the high frequency of 
detection of O-methyl mellein in chapter 3, could represent a storage of a toxic metabolite 
in its inactive form (Spiteller, 2015). If this is true, then a role in antagonism could be 
proposed for the melleins, for example; an active mellein glycoside portraying general 
toxicity and a reduced activity, aglycone (compound without the attached sugar). 
6.2. Bottlenecks when proposing ecological roles for SMs. 
As mentioned above, although bioactivity has been shown for the melleins, reverse 
genetic approaches have not demonstrated a requirement of the mellein synthase enzyme 
in the P. nodorum-wheat interaction (Devys et al., 1974, Bethenod et al., 1982a, Chooi et 
al., 2015a). As presented in chapter 5, knockouts of the eudesmadiene and acoradiene 
synthases (Sts01 and Sts02) did not show any significant difference in pathogenicity with 
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the wild type (SN15).  Similarly, P. nodorum strains lacking the capacity to synthesise 
alternariol were also fully pathogenic (Chooi et al., 2015b).  
It is interesting that such reverse genetics approaches to characterise secondary 
metabolites in P. nodorum have failed to shed light on their possible roles. However, this 
may reflect more an epistemological issue (related to the way knowledge is obtained) 
rather than an ontological problem (related to the nature of the system). P. nodorum is 
studied because it is an important pathogen of wheat, and consequently we tend to focus 
on the pathogenic stage. Similarly, the study of material properties such as biological 
activities of natural products, look for particular effects; it is impossible to test all possible 
properties since those, being context dependant, can be infinite (not to mention the 
difficulties of accurately reproducing relevant contexts26). Therefore, substance 
properties tests provide a partial and limited description (Schummer, 1998). Hence, our 
attempt to understand the bio-ecological roles of the secondary metabolites and their 
biosynthetic genes in the context of the producer organisms is strongly influenced by our 
human subjectivity (as science in general is). 
However, there are also important ontological issues that may contribute to the difficulty 
in studying the ecological role of SMs. Before continuing it is important to mention that 
there are contrasting ideas regarding the evolution of secondary metabolites and their 
biological activities arising from the fact that most SMs show no or relatively low bio-
activity (Pichersky et al., 2006, Jenke-Kodama & Dittmann, 2009). Some studies have 
proposed that this is a natural consequence of SM evolution as random mutations will 
produce mostly these low-active compounds which are maintained to increase the 
chemodiversity and to serve as scaffolds for future modifications (processualistic27 
perspective), Alternatively, it has also been suggested that the reason for the low activity 
is because the SMs have not been tested on the appropriated target (functionalistic28 
                                                            
26 For instance, when testing phytotoxicity, the timing, concentration and localisation of the application of 
the tested compound and the developmental stage, stress condition and microbiome structure of the test 
organism may be factors that need to be controlled to set a relevant context to understand the ecological 
role of the substance. 
27 This term is taken from social sciences. Procesualism refers to the study of society and culture focusing 
their processes. When applied to the evolution of secondary metabolism, it refers to the theory stating that 
the selection pressure acts on the process to produce the secondary metabolites itself, not in the function of 
particular molecules obtained through this process. This is, while the whole process remains beneficial it 
will be maintained independently if some of the enzymes involved in that process produce metabolites not 
necessarily advantageous to the producer organism. 
28  This term, as ‘processualistic’, is also taken from social sciences. Functionalism theory states that each 
part of society has a function contributing to the survival of that society.  In the context of secondary 
metabolism evolution, it refers to the theory proposing that evolutionary pressure acts on the specific 
enzymes responsible for the generation of a particular SM and not in the whole SM machinery. This means 
that SM evolution is driven by SM function; eg. if a molecule has a beneficial function, their biosynthetic 
genes are conserved. 
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perspective) (Jones et al., 1991, Berenbaum & Zangerl, 1996). Although the first 
proposition explains the lack of information to propose ecological roles for many SMs by 
the fact that their role is as potential templates for active molecules, it also implies a 
degree of anticipation in the adaptation process. On the other hand, the second 
explanation, prima facie, better fits the heuristic nature of adaptation but is not clearly 
supported by empirical data. Nonetheless, both positions are coherent with the dynamic 
process of SMs evolution: while random mutations produce mostly inactive SMs, 
evolutionary pressure will discard them if the cost of producing them exceeds the benefit 
of the whole SM machinery. In this sense, the benefits obtained by the active SMs provide 
the organism with a small metabolic budget for “chemical research and innovation” (Firn 
& Jones, 2000). 
Some SMs produced by the same organism may have synergistic activities, others may 
have redundant or complementary functions, and others, as the processualistic view 
suggests, may have no active role (Challis & Hopwood, 2003); these are some of the 
ontological drawbacks while trying to determine SM ecological roles. The difficulty of 
assigning biological activities to possible synergistic SMs lies in the fact that the co-
production of synergistic compounds is required in order to observe the biological effect. 
This may be the case of the auto-inhibition of P. nodorum: a mixture of molecules could 
be required to restrict the fungal growth since neither the pure compounds nor the VOCs 
produced by the Sts deficient mutants reproduced the self-inhibitory effect. The redundant 
or complementary activity of secondary metabolites was observed in the case of P. 
nodorum VOCs; from the five most abundant volatiles tested, 3-methyl-1-butanol, 2-
methyl-1-butanol, 2-methyl-1-propanol and 2-phenylethanol demonstrated inhibitory 
activity over wheat radicle and coleoptile elongation, activities also reported for mellein 
(Chooi et al., 2015a). The implication of this in our ability to identify biological activities 
using reverse genetic approaches can be explained as follows: if metabolite X shares a 
function with metabolite Y and the gene coding for X is deleted, the activity of Y may 
cover the absence of X. For instance, if P. nodorum sesquiterpenes from Sts01 and Sts02 
have overlapping activities, the deletion of one Sts would not produce an observable result 
since the other one will still be producing SMs with the same activity (i.e. functional 
redundancy). Furthermore, genetic modifications may carry pleiotropic effects, this is, 
the modification of a single gene which may generate multiple phenotypic effects (Paaby 
& Rockman, 2013). Pleiotropy interferes with the definition of an ecological role since 
assigning the observed bioactivity to the metabolic product of the biosynthetic gene or to 
the provoked downstream changes cannot be done with certainty.   
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6.3. Possible chemo-ecological niche of P. nodorum sesquiterpenes 
Hampered to a simplistic interpretation of the processualistic perspective of SM 
evolution, one possibility for P. nodorum SMs is that they actually do not have any 
biological activity relevant for this fungus. However as discussed above, there are 
ontological and epistemological reasons that justify the absence of experimental data to 
propose a biological role of P. nodorum SMs. Therefore, the following discussion on the 
possible role of P. nodorum sesquiterpenes is merely a theoretical reasoning. 
Volatile terpenes have been involved in many ecological interactions involving plants, 
insects, fungi, bacteria, etc. Sesquiterpenes from P. nodorum could be targeting any or 
several of these organisms, however, proposing possible roles based on shared core 
structures between terpenes, or other SMs could be risky since compounds with very 
similar structures (eg. enantiomers) can exert different biological reactions (Gershenzon 
& Dudareva, 2007). SMs having bio-molecular activities, interacting specifically with a 
defined target at a molecular level, require a precise molecular conformation to enable 
the intermolecular interaction (Firn & Jones, 2000). Nonetheless a broad chemo-
ecological role can be proposed for the P. nodorum sesquiterpenes considering their low 
polarity. The lipophilic nature of the eudesma-4,11-diene (1), β-elemene (2), α-cyperone 
(3) and the acora-4,9-diene (4) makes these molecules suitable to act at a membrane level, 
either by disrupting membrane functions or by facilitating the permeability of other SMs 
acting synergistically (Cox et al., 2000, Inoue et al., 2004). This type of mode of action 
does not require a high degree of specificity and represents a niche for sesquiterpene 
mixtures. Compound mixes involved in communication can allow the transduction of 
complex messages, if we think of compounds as words, the more words we have in or 
vocabulary, the more complex the expressed ideas can be (Kramer & Abraham, 2012). 
6.4. A change in perspective is required to find and understand non determining 
pathogenicity elements  
It has been proposed that the complexity of a system is not defined by the nature of the 
system itself but by the way we interact with it (Rosen, 1977). In that sense, the P. 
nodorum-wheat pathosystem could be seen as a low complexity system since the 
interaction established between both organisms can be reduced to the production of the 
fungal proteinaceous effectors and the plant susceptibility genes. However, when the 
protein-protein interactions and signal transductions that enables the disease to progress 
are investigated or when we try to understand the ecological roles of SMs, the research 
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approaches used need to be broad in order to consider other interactions within and around 
the pathosystem, ultimately increasing its complexity. For these, the holistic perspective 
of systems biology can be used.  
The host plant and P. nodorum can be seen as biological networks of processes. These 
networks interconnect when plant and fungus interact.  If we consider that the relationship 
among the two organisms is essential for the survival of the parasite and that co-evolution 
has occurred, as the presence of the proteaceous effectors suggests, then, the inter-
webbing of both systems must form a robust network (Pritchard & Birch, 2011).  These 
robust networks tend to resist disturbing effects by having elements with a certain degree 
of redundancy. Biological tests used to evaluate the role of particular elements on these 
type of interactions, such as SMs assays that rely on a final single specific phenotype (e.g. 
necrosis or growth inhibition) neglect these complex networks by reducing them to a 
single line: Pathogen produces X, then X causes a specific phenotype, as mentioned 
before.  
Additionally, the interaction between P. nodorum and wheat extends further, 
incorporating other organisms into the biological network. Effects of exploitative 
competition of P. nodorum with phylloplane microorganisms have been reported in the 
literature. However from our results in chapter 4, possible interference competition with 
Z. tritici can be proposed. This supports the possibility of non-nutritive interactions of P. 
nodorum with other organisms in the phyllosphere. The in vitro co-inoculation of these 
pathogens at different times provided a different outcome of the antagonism and also 
different metabolic profiles suggesting that the chemical interchange between these fungi 
may be directing the interaction. Furthermore, the in planta co-inoculation of both 
pathogens triggers the expression of features not seen in vitro or in individual infections. 
This, and the fact that P. nodorum is an endophytic organism in other grasses, establish 
the sphere of action of P. nodorum SMs as a highly complex system. Finally, throughout 
this project P. nodorum has shown a high chemodiversity within mycelia, in the culture 
media and as volatile compounds. The involvement of this diversity with the complex 
biotic interaction network of P. nodorum may be better studied using holistic approaches 
which may render more significant results than reductionist ones.  
Nonetheless, the above does not mean that reductionist research in this regard is futile. 
Most of the scientific knowledge generated to date which has driven major technological 
developments, is the product of reductionism and proving the worth of this approach. It 
is true that interaction between the elements of a system may produce emerging properties 
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not observable when not all components are present making a system irreducible 
(Gershenson, 2013). However, it would be difficult to find a system where all components 
can be independently described. Similarly, a totally holistic system in which no degree of 
separation into simpler levels is possible would be rare (Primas, 1981). This allows a 
certain degree of complementarity among reductionist and holistic approaches (Backer et 
al., 2009). Holistic approaches see the system under study as a network of interactions 
where changes in one node may produce an effect on the whole network; however, the 
direct interactions happening in those network nodes could be studied in the way 
reductionism does to understand the basics of that particular interaction. Once these basics 
are known, returning to the full network picture will provide a context to understand such 
interactions and the means to understand how other elements in the system influence on 
the node behaviour. Ultimately, this will help to understand the whole system nature 
(Fang & Casadevall, 2011).  
6.5. Limits and significance of the project 
We have already mentioned some of the limits associated with the presented research. 
Additionally it is important to highlight that throughout this work, a single isolate of P. 
nodorum has been studied (SN15), and the effects and responses of this fungus to other 
organisms evaluated a single isolate or cultivar per test organism. Hence, the significance 
of the presented results should be placed in perspective. To draw conclusions about the 
possible ecological roles of the presented features and SMs further studies are required 
that evaluate a broader genetic pool (Seymour et al., 2004, Schimek, 2011). Nonetheless 
the importance of the present work has to be recognised since it sets the foundations for 
future work. The exploration of the profiles of medium-range polarity metabolites of in 
vitro P. nodorum cultures revealed the capacity of this fungus to generate highly complex 
mixtures which reflect the SM biosynthetic potential predicted by the analysis of the P. 
nodorum genome. This analysis also provided enough data to build a spectral library that 
can be used to recognise P. nodorum metabolites in mixed organism studies. The analysis 
of the chemical profiles during P. nodorum interactions revealed an interference 
competition component in fungal antagonism with Z. tritici. Z. tritici in turn seems to be 
able to detoxify some metabolites produced by P. nodorum. Additionally, the co-
inoculation of both pathogens in wheat triggers the expression of new features not seen 
during individual infections or the in vitro antagonism; this demonstrates clearly that 
simplified systems neglect the effect of other organisms on the system that normally occur 
under natural conditions. Particularly important was the finding of the bioactive volatile 
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compounds which may lead to possible applications. The discovery of P. nodorum 
sesquiterpenes constitutes the first report of sesquiterpenes from this wheat pathogen. 
Furthermore the characterization of the biosynthetic genes of these molecules will 
provide valuable information to perform empirical prediction of SMs from genome 
mining tasks and may contribute to better understand the synthetic mechanism of the 
sesquiterpene cyclases.  
6.6. Future perspectives in P. nodorum secondary metabolism research 
It is intriguing the fact that the mellein synthase is highly expressed in planta but no 
mellein derivatives have been detected in planta. Moreover, the constitutive expression 
of the mellein derivatives with mild biological activities may suggest the hypothesis of 
active unknown derivatives. To seek the possible role of the melleins in the context of P. 
nodorum, a possible avenue of investigation could be the search for degraded mellein 
derivatives in infected wheat. Alternatively, the presence of unknown modified 
derivatives of mellein (e.g. a mellein glycoside) in planta could be assessed.  
Regarding the interaction between P. nodorum and Z. tritici in vitro, in chapter 4 it was 
hypothesized that Z. tritici inhibited P. nodorum germination. Subsequent testing though 
proved this hypothesis wrong. However, the opposite behaviour, the fungistatic effect P. 
nodorum SMs on Z. tritici spores was not evaluated. The results in chapter 4 suggest that 
some SMs from P. nodorum may be bio-transformed by Z. tritici when Z. tritici is 
inoculated prior to P. nodorum. It is also possible that the inhibition of Z. tritici by P. 
nodorum (when both are inoculated at the same time) is caused by those SMs that are not 
detoxified as Z. tritici has not yet generated the required metabolic machinery to do so. 
This idea should be explored since it may provide a possible application to control Z. 
tritici by producing semisynthetic derivatives of the toxic SMs with improved activities 
and reduced detoxifying rates which may be used as agrochemicals. 
Another possible application for the control of these pathogens may come from 
continuing the research on the self-inhibiting (self-regulating) effect of P. nodorum 
VOCs. However this is not just interesting from an applied science perspective but also 
from an ecological point of view. The main VOCs produced in vitro by P. nodorum are 
frequently isolated microbial volatiles. If P. nodorum reacts to them it may also imply 
some sort of communication between P. nodorum and its microbial neighbours. 
The structural characterization of P. nodorum sesquiterpenes and the linkage to their 
biosynthetic genes, in addition to the generation of the correspondent KO mutants and the 
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yeast harbouring Sts01 and Sts02, represent a valuable resource to further study the 
biological function of P. nodorum volatile sesquiterpenes. For instance, microbial 
antagonism in planta or during P. nodorum saprophytic stage and/or the endophytic 
interactions of this fungus are possible niches for Sts01 and Sts02 metabolic products that 
could be investigated using the tools produced in this project. Additionally, the 
misannotation of Sts03 leaves the door open for the characterization of this sesquiterpene 
synthase. 
6.7. Concluding remarks 
The potential of P. nodorum to produce a vast array of SMs was demonstrated by 
analysing the medium-range polarity compounds produced in vitro generating a spectral 
library containing around 2000 features. This analysis also revealed the plasticity of P. 
nodorum chemotype since the chromatographic profiles changed as the culturing 
conditions changed, a feature that may be contributing to its adaptability. 
The most frequent features found during the in vitro chromatographic analysis were the 
melleins which seem to be constitutively expressed, and the septorines; O-methyl mellein 
is the most frequent of all. It is proposed that O-methyl mellein is the inactive form of 
mellein which is stored by P. nodorum as the immediate precursor of a toxic mellein 
derivative.   
Exploitative mechanisms of competition to the detriment of P. nodorum were previously 
reported in literature upon its interaction with other microorganisms on the leaf surface. 
From the in vitro antagonism between P. nodorum and Z. tritici, interference competition 
mechanisms can be proposed in favour of P. nodorum. If Z. tritici is inoculated 24 h prior 
to its antagonist, it seems to be able to suppress and or detoxify the toxic metabolites from 
P. nodorum. 
In planta interactions showed that the presence of other organisms in the P. nodorum-
wheat pathosystem affected the registered metabolic profiles. When both fungi are co-
inoculated in planta new features are observed on the tripartite interaction not seen in 
bipartite experiments. Considering this, when reducing a pathosystem to only the plant 
and the pathogen, there is a risk of ignoring the fine contributions of SMs to the overall 
behaviour of the system. In such cases a broader approach must be taken to understand 
the SMs roles in the pathosystem. 
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P. nodorum VOCs are self-inhibitory and they also impair wheat seedling development 
and show mild antibacterial properties. While the effect on wheat was associated to 3-
methyl-1-butanol, 2-methyl-1-butanol, and 2-phenylethanol produced by P. nodorum, the 
VOCs self-inhibitory properties were not linked to any pure compound. It is possible that 
VOCs have a synergistic effect or that P. nodorum can perceive the proportions of the 
volatiles sensing the environment and responding to it. P. nodorum VOCs could lead to 
applications that help in managing SNB in the field.  
For the first time sesquiterpenes have been reported to be synthetised in planta and in 
vitro by P. nodorum.  From the three sesquiterpene synthases identified in this fungus, 
Sts01 and Sts02 were investigated further. The main metabolic product of Sts01 was 
identified as acora-4,9-diene. The Sts01 acoradiene synthase also produces other 14 
unidentified sesquiterpenes. Eudesma-4,11-diene,  and β-elemene were identified as  the 
metabolic products of Sts02. Eight other sesquiterpenes were also produced by the Sts02 
the eudesmadiene synthase.  α-Cyperone is also an eudesmane structure but is not directly 
synthesised by Sts02 but instead is the product of a later oxidation of the eudesma-4,11-
diene. Although Sts03 has been miss-annotated preventing its characterization, the 
acoradiene synthase, Sts01, and the eudesmadiene synthase, Sts02, were linked to their 
metabolic products enriching the gene to structure knowledge base which allows the 
empirical prediction of secondary metabolites from genome mining tasks.  
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Appendix  I: Selected compounds from the spectral library 
of P. nodorum associated features  
 
 
The following pages present the data recorded in the P. nodorum SMs spectral library for 
some of the compounds mentioned in chapter X. Spectra in the following pages have no 
legend and are not included in the table of figures. 
The full spectral library is available upon request, as the spreadsheet tabulating the 
occurrence of all features among the 25 analysed samples. Figure AI.1 shows the 
appearance of the P. nodorum SMs spectral library in the Mass Hunter PCDL Manager 
software (© Agilent Technologies, 2011). 
 
 
 
Figure AI.1. Screen capture of the actual P. nodorum SMs spectral library  
  
 194 
 
Compound name: Alternariol 
Formula: C14H10O5 
Mass: 258.05282 
Retention time: 31.971 
Number of spectra: 1 
 
Spectrum 1.  
Precursor ion: 259.06032 
Collision energy: 17.8 
Ion polarity: positive 
Ioniozation mode: ESI 
Instrument type: TOF 
 
  
 195 
 
Compound name: Mellein 
Formula: C10H10O3 
Mass: 178.06340 
Retention time: 33.084 
Number of spectra: 2 
 
Spectrum 1.  
Precursor ion: 179.07114 
Collision energy: 15.4 
Ion polarity: Positive 
Ioniozation mode: ESI 
Instrument type: TOF 
 
Spectrum 2.  
Precursor ion: 161.05933 
Collision energy: 14.8 
Ion polarity: Positive 
Ioniozation mode: ESI 
Instrument type: TOF 
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Compound name: O-methylmellein 
Formula: C11H12O3 
Mass: 192.07787 
Retention time: 28.739 
Number of spectra: 2 
 
Spectrum 1.  
Precursor ion: 193.08552 
Collision energy: 15.8 
Ion polarity: Positive 
Ioniozation mode: ESI 
Instrument type: TOF 
 
Spectrum 2.  
Precursor ion: 175.07415 
Collision energy: 15.3 
Ion polarity: Positive 
Ioniozation mode: ESI 
Instrument type: TOF 
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Compound name: A-hydroxymellein 
Formula: C10H10O4 
Mass: 194.05791 
Retention time: 24.832 
Number of spectra: 2 
 
Spectrum 1.  
Precursor ion: 195.06546 
Collision energy: 15.9 
Ion polarity: Positive 
Ioniozation mode: ESI 
Instrument type: TOF 
 
Spectrum 2.  
Precursor ion: 177.05413 
Collision energy: 15.3 
Ion polarity: Positive 
Ioniozation mode: ESI 
Instrument type: TOF 
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Compound name: B-hydroxymellein 
Formula: C10H10O4 
Mass: 194.05733 
Retention time: 26.984 
Number of spectra: 2 
 
Spectrum 1.  
Precursor ion: 195.06445 
Collision energy: 15.9 
Ion polarity: Positive 
Ioniozation mode: ESI 
Instrument type: TOF 
 
Spectrum 2.  
Precursor ion: 177.05337 
Collision energy: 15.3 
Ion polarity: Positive 
Ioniozation mode: ESI 
Instrument type: TOF 
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Compound name: Septorine 
Formula: C16H18N2O4 
Mass: 302.12700 
Retention time: 34.679 
Number of spectra: 1 
 
Spectrum 1.  
Precursor ion: 303.13361 
Collision energy: 19.1 
Ion polarity: Positive 
Ioniozation mode: ESI 
Instrument type: TOF 
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Compound name: N-methoxyseptorine 
Formula: C17H20N2O5 
Mass: 332.13695 
Retention time: 33.787 
Number of spectra: 1 
 
Spectrum 1.  
Precursor ion: 333.14403 
Collision energy: 20.0 
Ion polarity: Positive 
Ioniozation mode: ESI 
Instrument type: TOF 
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Compound name: N-methoxyseptorinol 
Formula: C17H22N2O5 
Mass: 334.15310 
Retention time: 32.420 
Number of spectra: 1 
 
Spectrum 1.  
Precursor ion: 335.16213 
Collision energy: 20.1 
Ion polarity: Positive 
Ioniozation mode: ESI 
Instrument type: TOF 
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Compound name: Sn15 D myc Fries P1151 
Formula: 
Mass: 218.16700 
Retention time: 41.715 
Number of spectra: 1 
 
Spectrum 1. 
Precursor ion: 219.17427 
Collision energy: 16.6 
Ion polarity: Positive 
Ioniozation mode: ESI 
Instrument type: TOF 
 
29 
  
                                                            
29 Names for the unknown compounds refer the treatment where they were first detected. For 
instance, in this compound ‘SN15’ says it came from SN15 P. nodorum isolate, ‘D’ indicates it was 
obtained from cultures kept in the dark, ‘myc’ it was extracted from the mycelia, ‘Fries’ is the media 
used for the culture, and P115 indicates that in the LC-Ms chromatogram it corresponded to the peak 
115. 
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Compound name: Sn15 D myc Fries P1492 
Formula: 
Mass: 163.09990 
Retention time: 27.029 
Number of spectra: 1 
 
Spectrum 1. 
Precursor ion: 164.10718 
Collision energy: 14.9 
Ion polarity: Positive 
Ioniozation mode: ESI 
Instrument type: TOF 
 
Spectrum 1. 
Precursor ion: 327.20697 
Collision energy: 19.8 
Ion polarity: Positive 
Ioniozation mode: ESI 
Instrument type: TOF 
30 
                                                            
30 Here, ‘med’ means the extract was obtained from the media, ‘V8’ indicates V8-PDA as the culture 
media, and P149, as above, says that the compound correspond to peak 149 in the LC-Ms 
chromatogram. 
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Appendix  II: qPCR analysis of the in vitro interaction  
between P. nodorum – Z. tritici  
 
All data presented in this appendix was collected from a single qPCR run in a 384 well 
plate (Sections 2.6.3.3 and 4.2.3). 
Table AII.1. Data to build the calibration curve to measure P. nodorum DNA 
DNA 
(pg/well)* 
Ct 
1.725 33.991 
3.45 32.505 
34.5 28.521 
345 24.992 
3450 21.097 
*calculated with qbit (section 2.6.2).  
 
 
Figure AII.1. Calibration curve to measure P. nodorum DNA 
 
 
𝑃. 𝑛𝑜𝑑𝑜𝑟𝑢𝑚 𝐷𝑁𝐴 𝑝𝑔/𝑤𝑒𝑙𝑙 = 𝑒(
𝐶𝑡−34.686
−1.674 ) 
Equation AII.1. Formula for the calculation of P. nodorum DNA from Ct obtained 
from the calibration curve 
 
 
y = -1.674ln(x) + 34.686
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Table AII.2. Data to build the calibration curve to measure Z. tritici DNA 
DNA 
(pg/well)* 
Zt Ct 
3.245 34.413 
6.49 31.867 
64.9 27.195 
649 24.075 
6490 19.656 
*calculated with qbit (section 2.6.2).  
 
 
 
Figure AII.2. Calibration curve to measure Z. tritici DNA 
 
 
 
𝑍. 𝑡𝑟𝑖𝑡𝑖𝑐𝑖 𝐷𝑁𝐴 𝑝𝑔/𝑤𝑒𝑙𝑙 = 𝑒(
𝐶𝑡−35.777
−1.855 ) 
Equation AII.2. Formula for the calculation of Z. tritici DNA from Ct obtained from 
the calibration curve 
y = -1.855ln(x) + 35.777
0
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Appendix III: Isolation of wheat-associated and other 
cereal-associated microorganisms  
 
 
Throughout the development of my main PhD work, I started several exploratory side 
investigations, either by myself or in collaboration with other members of the Solomon 
lab. 
Here I present two examples of these investigations involving the isolation of plant-
associated microorganisms from wheat and other grasses, since some of these 
microorganisms were used in this thesis. The first section is a solo mini project showing 
the isolation of microorganisms from wheat seeds. The second section presents the 
isolation of foliar microorganisms collected from an experimental field in Wagga Wagga, 
a work done in collaboration with Oliver Mead and Elisha Thyne.  
AIII.1 Isolation of microorganisms from wheat grain 
Methodology 
In order to find vertically transmitted microorganisms and other wheat associated 
microorganism that P. nodorum may encounter during its lifecycle, a protocol to isolate 
endophytic microorganisms was applied to Grandin wheat seeds propagated in the 
greenhouse. 
Wheat seeds were surface sterilised as follows: seeds were rinsed with tap water and then 
subjected to a 1 min wash in 80% ethanol, followed by 3 min wash with 5% bleach 0.02% 
tween80, 1 min wash in 80% ethanol, and three sterile distilled water washes. Surface 
sterilised seeds were dried with sterile paper towels and “imprinted” into V8-PDA plates 
to verify the surface sterility. 1-2 mm slices were cut from these seeds using a sterile 
scalpel. Wheat seed pieces were plated in 80% PDA Petri dishes and incubated at 22 ⁰C 
in a 12-12 h dark and light cycle until microbial growth was observed. Emerged bacteria 
were streaked into LA plates and fungal isolates to V8-PDA plates. An attempt of 
identification of the bacteria was done by sequencing the 16S region using U341F and 
U1053R primers31 (Baker et al., 2003) 
                                                            
31 Baker, G. C., Smith, J. J. and Cowan, D. A. (2003) Review and re-analysis of domain-specific 16S 
primers. J. Microbiol. Methods, 55, 541-555. 
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Results 
Three fungi and six bacteria were isolated from the surface sterilized wheat seeds. 
However the isolated fungi have an appearance similar to common saprophytic 
microorganisms such as Penicilium and Aspergilus and could be opportunistic inhabitants 
of the wheat grain and not necessarily a real wheat associated fungi. Table AIII.1 presents 
the microorganisms and a brief morphological description of the colonies. 
 
Table AIII.1 Microorganisms isolated from surface sterilised wheat seeds. 
Microorganism Key Description 
Fungi 
F01 Powdery light greyish green colony 
F02 Fluffy velvety dark green colony 
F03 Dusty dark greyish green colony 
Bacteria 
 
B01 Pinkish opaque flat smooth concentric circular colonies 
B02 White opaque moist smooth flat irregular colonies 
B03 Cloudy orange circular raised colonies 
B04 Light bright yellow circular raised colonies 
B05 Deep yellow translucent circular raised colonies 
B06 Deep yellow translucent circular flat colonies 
 
The results from the sequencing reactions just allowed the identification of B02, B05 and 
B06 (table AIII.2). The quality of the data from the remaining bacteria was not enough to 
produce a reliable sequence. It is possible that the streaking and replating process was not 
enough to yield a pure strain. 
Table AIII.2 Identity of isolated bacteria. 
Isolate 16S sequencing based identification 
B02 Bacillus cereus 
B05 Flavobacterium sp. 
B06 Sphingobacterium multivorum 
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AIII.2 Isolation of plant associated microorganisms from field samples 
Methodology 
On November 2014, leafs, stems and flowers of wheat, barley, triticale and wild grasses 
were collected from an experimental field at Wagga Wagga, New South Wales, Australia. 
Both healthy and diseased plants were collected. Samples were placed in individual paper 
envelopes for their transportation to the laboratory and processed within 24 h. 
Samples were surface sterilised by the following process: plant material was rinsed with 
distilled water, and then subjected to 30 s wash in 80% ethanol, followed by 2 min wash 
with 5% bleach 5 % ethanol, followed by a 30 s wash in 80% ethanol, and three sterile 
distilled water washes. Surface sterilised samples were dried with sterile paper towels and 
4-25 mm2 pieces were cut from healthy tissue with a sterile scalpel. Tissue showing 
disease was also plated. Plant material segments were plated into water agar Petri dishes 
and incubated at 22 ⁰C in a 12-12 h dark and light cycle until fungal growth was observed.  
Emerging fungi were transferred with a wooden toothpick to individual full PDA plates 
and returned to incubation. From the full PDA plates a small sample from the growing 
edge of each colony was transferred to a new plate in order to obtain single strains. 
Isolates were grouped in morphospecies, this is strains showing the same morphology. A 
representative from each morphospecies was subcultured in V8-PDA and glycerol stocks 
prepared from these plates to produce a library of plant associated microorganisms from 
field. The glycerol stock library is kept at -80⁰C. 
Results 
From 28 samples collected, 76 isolates were obtained which were later grouped in 37 
morphospecies. Figure AIII.1 presents examples of the obtained fungi which depicts the 
diversity of isolates compiled in the library. Interestingly, no isolate was obtained from 
stems. Similarly, most necrotic samples did not yield any isolate, although this could be 
potentially explained by the surface sterilization process: damaged tissue may present an 
increased permeability to the hypochlorite solution reducing the microbial load on the 
plated tissue. Table AIII.3 lists the 37 isolates in the library and its source. 
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Table AIII.3. List of fungal isolates from an experimental field at Wagga Wagga, NSW 
Isolate 
Code 
Host 
(disease [if any]) 
Isolate 
Code 
Host 
(disease [if any]) 
AB-03a Grass LL-02 Wheat 
ACL-01 
Wheat 
(Scald) 
ML-01 Barley 
ACL-02 
Wheat 
(Scald) 
NO-01A 
Barley head 
(loose smooth) 
BL-01 Triticale NO-01b 
Barley head 
(loose smooth) 
EL-02 Barley OL-01b Barley scald 
EL-03 Barley PL-01 Triticale 
FL-01 Grass PL-02 Triticale 
FL-03 Grass PL-04 Triticale 
FRF-01 Grass flower QH-03 Triticale head 
FRF-02 Grass flower RL-01 Buffer crop 
FRF-03 Grass flower RL-02 Buffer crop 
HL-03 Wheat WFF-01 Wheat 
HL-04 Wheat WFF-02 Wheat 
IL-01 
Wheat 
(Z. tritici) 
WFF-03 Wheat 
IL-02 
Wheat 
(Z. tritici) 
WFF-04 Wheat 
IL-03 
Wheat 
(Z. tritici) 
WFF-05 Wheat 
JL-01 Wheat WL-01 Wheat 
JL-03 Wheat WL-03 Wheat 
JL-04 Wheat   
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Appendix IV: Spectrometric and spectroscopic data for the 
identification of P. nodorum sesquiterpenes 
 
 
 
 
Figure AIV.1. MSMS Identification of α-cyperone showing the MS chromatogram (A), 
MS spectrum (B) and MS2 spectra of ion 119+ (C), 113+ (D), 147+ (E) and 161+ (F). All 
panels compare acquired data from the spectra (above), and the P. nodorum sample 
(below) 
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Figure AIV.2. Eudesma-4,11-diene (1) H NMR (300MHz, CDCl3) 
 
 
Figure AIV.3. Eudesma-4,11-diene (1) C NMR (300MHz, CDCl3) 
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Figure AIV.4. Eudesma-4,11-diene (1) HSQC (300MHz, CDCl3) 
 
Figure AIV.5. Eudesma-4,11-diene (1) HMBC (300MHz, CDCl3) 
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Figure AIV.6. α-cyperone (3) H NMR (300MHz, CDCl3) 
 
  
Figure AIV.7. α-cyperone (3) C NMR (300MHz, CDCl3) 
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Figure AIV.8. α-cyperone (3) HSQC (300MHz, CDCl3) 
  
Figure AIV.9. α-cyperone (3) HMBC (300MHz, CDCl3)  
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Figure AIV.10. Acora-4,9-diene (4) H NMR (300MHz, CDCl3) 
 
 
Figure AIV.11. Acora-4,9-diene (4) C NMR (300MHz, CDCl3)  
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Figure AIV.12. Acora-4,9-diene (4) HSQC (300MHz, CDCl3) 
 
 
 Figure AIV.13. Acora-4,9-diene (4) HMBC (300MHz, CDCl3) 
